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Magnesium hydride was proposed to be used for on-board heating and cooling 
systems due to its high energy density. Low-temperature hydrogenation has been achieved 
via ball milling and adding appropriate additives. However, further details regarding the 
mechanism for hydrogenation of magnesium hydride is not available yet. 
This work first developed a methodically designed technique to test hydrogenation 
kinetics under isothermal condition across a wide temperature range, from room 
temperature to 200 ºC using a Sieverts type apparatus, in order to minimize the thermal 
gradient effect, which is often neglected in the literature. The tested material was ball-
milled magnesium mixed with titanium hydride, a combination that had been demonstrated 
to have excellent hydrogenation and dehydrogenation kinetics in recent studies, and is 
considered to be a promising material for hydrogen storage and thermal energy storage 
applications. It was found that the hydrogenation kinetics under isothermal conditions were 
significantly different from those under nonisothermal conditions. Additionally, it was 
determined that the hydrogenation kinetics under isothermal conditions were numerically 
best fit by the Johnson-Mehl-Arrami (JMA) model. 
The second part of this work further investigated the possible effect of various 
processing variables, including milling parameters, catalyst, as well as the effect of 
hydrogenation conditions, such as temperature and pressure, on the hydrogenation kinetics 
of magnesium hydrides. Moreover, the effect of different processing variables on grain size 
iv 
 
and specific surface area was investigated as well. Various kinetic models have been 
employed to examine the hydrogenation kinetics of samples prepared by different 
parameters and tested under different conditions. The JMA model was found again to be 
the best numerical model to describe the hydrogenation behavior of the ball-milled 
magnesium hydride prepared in this work. In addition, the JMD (Jander Diffusion Model) 
model has high consistency with low-temperature hydrogenation of pure magnesium 
hydrides. It was found that longer milling time and smaller milling load will lead to smaller 
grain size of the as-milled powder, thus better hydrogenation rate and smaller activation 
energy. Adding catalyst could not only assist in reducing grain size of the as-milled MgH2 
powder, but also facilitate the hydrogen diffusion in Mg/MgH2, thus reducing the activation 
energy of hydrogenation in both ways.
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1.1 Electrical Vehicles 
As the automotive manufacturing industry continues growing, worldwide concerns 
arise due to energy and environment issues. As a result, electrical vehicles (EVs) gathered 
considerable renewed attention after their first appearance in the mid-19th century [1], as 
one promising solution for fuel depletion and greenhouse gas (GHG) emission [2].  
Compared to the conventional Internal Combustion Engine (ICE), there are mainly 3 
types of EV, which are Battery Electrical Vehicle (BEV), Hybrid Electrical Vehicle (HEV), 
and Fuel Cell Electrical Vehicle (FCEV) [3]. Despite the advantages of EVs mentioned 
above, most of the now existing EVs suffer from problems such as low battery capacity, 
short driving range, and high cost. Detailed comparisons between traditional ICE vehicles, 
BEV, HEV, and FCEV are listed in Table 1.  
 
1.2 Solutions to Improve EV’s Performance 
Besides working in the direction of increasing the energy capacity of EVs, using other 
energy sources to replace electricity for certain automobile components could possibly 
create a longer driving range as well. For example, the on-board air conditioning system 









Advantages Drawbacks Important issues 
ICE vehicles  Fuel tank 
 Matured technology 
 Fully commercialized 
 Better performance 
 Simple operation 
 Reliable 
 Durable 
 Less efficient 
 Poor fuel economy 
 Harmful emission 
 Comparatively bulky 
 Fuel economy 
 Harmful emission 







 Energy efficient 
 Zero emission 
 Independency from petroleum 
products 
 Quite 
 Smooth operation 
 Commercialized 
 Limited driving range 
 Higher recharging time 
 Poor dynamic response 
 
 Size and weight of battery 
pack 
 Vehicle performance 







Table 1. Continued. 
Characteristic Energy storage Advantages Drawbacks Important issues 
Hybrid EVs 




 Higher fuel economy 
 Very low emission 






 Complex system 
 Complexity in control 
algorithm 
 Increased component count 
 Power management of 
multi-input source 
 Size and weight of battery 
pack and ICE 
 Integration of components 
Plug in HEVs 




 Lower emission 
 Higher fuel efficient 
 Extended electric driving 
range 
 V2G or G2V capability 
 Partially commercialized 
 Quiet and smooth operation 
 Higher complexity 
 Impact on grid 
 Higher initial cost 
 Sophisticated electronic 
circuitry 
 Battery technology 
 Size and weight of battery 
pack and ICE 
 Charging infrastructure 
 Power flow control and 
management 





Table 1. Continued. 
Characteristic Energy storage Advantages Drawbacks Important issues 
FCEVs 
 Fuel cell stack 
 Battery 
 Ultra capacitor 
 Ultra low emission 
 Highly efficient 
 Independent from petroleum 
products 
 Competent driving range 
 Reliable 
 Durable 
 Under development 
 High cost 
 Slow transient response 
 Not commercialize yet 
 Sophisticated electronic 
controllers 
 Cost of fuel cell 
 Cycle life and liability 
 Infrastructure for hydrogen 
conditioning, storage, and 
refilling system 






energy consumed by the mechanical compressor of a subcompact to mid-size car 
contributes 12-17 % of all on-board energy [5]. Otherwise, exhaust waste heat has been 
reported as a possible power source for on-board air conditioning systems [5, 6]. However, 
an air conditioning system that uses waste heat as the exclusive power source is subject to 
scenarios when waste heat is not sufficient, such as start-up or idling; otherwise, extra 
components such as a small pump or refrigerant reservoir need to be added, which will 
definitely impair the energy density of the overall air conditioning system. 
 
1.3 Metal Hydride-Based Thermal Battery for On-board Air 
Conditioning 
Recently, a high energy density thermal battery based on metal hydride has been 
proposed by Fang et al. at the University of Utah for the use of heating, ventilation, and air 
conditioning (HVAC) of an electric vehicle [7], which is self-contained and does not rely 
on the electricity provided from battery. The principle of this thermal battery is 
schematically illustrated in Figure 1.  
This proposed thermal battery uses a pair of metal hydrides, one as the low 
temperature (LT) hydride with a higher equilibrium pressure, the other as the high 
temperature (HT) hydride with a lower equilibrium pressure, and can dehydrogenate at a 
moderate higher temperature. The two beds are connected as a closed system with 
controlling valves. Hydrogen will flow in between to realize charging and discharging.  
This proposed thermal battery can provide both heating and cooling during charging. 
Before charging, the LT hydride is in hydride form and the HT hydride is in metal form. 



















equilibrium pressure. As the dehydrogenation continues, the LT bed will be cooled due to 
the endothermic reaction. On the other side, hydrogen will be absorbed by the HT hydride, 
the equilibrium pressure of which is lower than that of LT hydride. As a result, the HT bed 
will be heated up by the released heat. Therefore, the cabin can be either heated or cooled 
by blowing ambient air through the HT bed or LT bed, respectively. 
After a charging process, a recharging process is necessary for subsequent time use. 
This is done by heating up the HT hydride to a certain temperature to allow HT hydride to 
dehydrogenate, while the LT bed will stay at room temperature and absorb the hydrogen 
released from the HT bed.  
 
1.4 Metal Hydride 
Metal hydrides are defined as concentrated single-phase compounds involving the 
host metal and hydrogen [10, 11]. According to the crystal structure, metal hydrides can be 
classified into five categories; see Table 2 [12-14]. Most metal hydrides have high energy 
density compared to other thermal storage materials [11]. The energy density of two paired 
metal hydrides proposed for the thermal battery application mentioned in section 0 is 
shown in Figure 2, along with the energy density of single metal hydrides and other heat 
storage materials. See Appendix A for more calculation details of the energy density listed 
in Figure 2. 
Metal hydrides have been proposed for thermal application [12, 15-17], hydrogen 
storage [11, 12, 17-20], batteries [18, 21-23], and other applications such as getters, 


























A3 (hP2) MgH2 7.66 74.5 ~10-6 
A2 (CI2) VH2 3.81 40.1 2.1 
A2B Ca (hP18) Mg2NiH4 3.59 64.5 ~10-5 
AB 
B2 (cP2) TiFeH2 1.89 28.1 4.1 
Bf (oC8) ZrNiH3 1.96 68.6 ~5x10-6 
C14 (hP12) TiMn1.4V0.62H3.4 2.15 28.6 3.6 
AB2 C14 (hp12) ZrMn2H3.6 1.77 53.2 0.001 
AB5 
D2d (hP6) LaNi5H6.5 1.49 30.8 1.8 



















1.5 Magnesium Hydride 
In order to be used for on-board air conditioning, metal hydride must meet several 
criteria: 1) fast kinetics near ambient temperature; 2) good cycle ability; 3) high energy 
density; 4) low cost; and 5) environmental friendly [3]. Among various metal hydrides, 
magnesium hydride is considered as a promising candidate of HT hydride for the proposed 
thermal battery application, due to its high theoretical capacity (7.6 wt.%), high formation 
enthalpy (74.5 kJ/mol H2), and thus relative high energy density [15]. Other merits of 
magnesium hydride such as practically reversible and abundant resources also add to its 
potential of practical application. In the past, the sluggish kinetics of magnesium hydride, 
especially the hydrogenation kinetics at low temperature, was a major obstacle impeding 
further application of magnesium hydrides. However in recent studies, the fast kinetics, 
even at room temperature, has been made available now by ball milling and adding proper 
additives [25-27]. 
 
1.6 Research Scope 
As kinetics is such an essential issue for on-board air conditioning, detailed studies 
regarding hydrogenation and dehydrogenation of metal hydride is necessary for the 
development of the proposed thermal battery. However, even though there were large 
quantities of literature reporting the kinetics studies of metal hydride or metal hydride with 
different catalysts, the hydrogenation kinetics is not yet fully understood and little 
agreement has been achieved. In the meantime, there are issues still left unsolved: 1) 
significant thermal effect for hydrogenation due to the exothermic reaction [28]; 2) most 





low-temperature hydrogenation is more of a importance in practice but is less studied.  
Current work mainly focuses on the kinetics study of magnesium hydride used on the 
air conditioning system of next generation electrical vehicles. The major objectives are: 1) 
find an appropriate methodology to minimize thermal effect; 2) investigate the effect of 
multiple processing variables, such as milling load, milling time, and catalyst, as well as 
the effect of hydrogenation condition, such as temperature and pressure; 3) learn more 










2.1 Magnesium and Magnesium Hydrides 
2.1.1 Material Characteristics 
Magnesium is an abundant element on earth, accounting for 2.7 wt.% of the earth’s 
crust [29]. The only stable hydride phase existing in equilibrium with Mg at moderate 
hydrogen pressures is magnesium dihydride, MgH2, which is usually referred to as 
“magnesium hydride” [14]. As H is initially introduced into the hexagonally close-packed 
(HCP) Mg metal lattice, the H atoms will first occupy tetrahedral interstitial sites, forming 
a solid solution of H in magnesium alloy, α MgH2. As H concentration accumulates, the 
most stable MgH2 phase, β MgH2, will form, where Mg atoms are octahedrally coordinated 
to six H atoms and each H atom is coordinated to three Mg atoms in a planar coordination, 
as shown in Figure 3. According to Bastide et al. [30], when subjected to up to 80 kbar 
hydrogenation pressure, β MgH2 phase will partially transform into another metastable 
polymorphic phase, γ MgH2, which decomposes above 300 °C [14]. The packing and 
coordination of Mg and H are maintained during the phase transformation from β MgH2 to 
γ MgH2. However, the octahedral chains are deformed into a zigzag form [29]. See Table 
3 for the crystallographic parameters of the phases in Mg-H system. The bonding of 














































P42/mnm 0.452 0.452 0.302 1.42 
γ MgH2 Orthorhombic Pbcn 0.453 0.544 0.493 - 





significant between Mg and H as well as H and H [14, 31, 32]. 
 
2.1.2 Thermodynamics 
The enthalpy and entropy of magnesium hydride formation were determined 
experimentally since the 1960s, which were ΔH= 74.5 kJ/mol H2 and ΔS = -135 J/K.mol 
H2, respectively [33]. The most common approach to calculate enthalpy and entropy value 
of magnesium hydride formation is to obtain equilibrium pressure at different temperatures 
via experimental equilibrium isotherms. At least three sets of equilibrium pressure at 
different temperature are necessary to generate a linear plot, ln(Peq) against 1/T, then ΔH 
and ΔS can be calculated via the slope and intercept, according to Van’s Hoff equation, Eq. 
1, where Peq is the equilibrium pressure, R is gas constant, and T is reaction temperature. 
The values of ΔH and ΔS obtained by this experimental method are reported as 68~75.2 








          Eq. 1 
The desired enthalpy value of magnesium hydride is between 10 and 60 kJ/mol H2 
because physisorption is too weak below 10 kJ/mol H2 while chemisorption is too high 
above 60 kJ/mol H2 [14]. With a formation enthalpy approximate 75 kJ/mol H2, the 
operating temperature for pure magnesium hydride application is relatively high as a result, 
creating a drawback to magnesium hydride application. Over these years, in order to reduce 
the thermal stability of magnesium hydride, various metals has been alloyed with 
magnesium, including rare earth (e.g., Ce, La), non-transition (e.g., Al, Li, In), and 
transition metals (e.g., Ni, Co, Fe, Cu, Ag, Sc, Y) [38-44]. Zhou et al. reported that 





experimental tested enthalpy of 70.9 kJ/mol H2 compared to 76.6 kJ/mol H2 of pure 
magnesium hydride [40].  
 
2.1.3 Hydrogenation and Dehydrogenation 
Another major problem impeding the practical application of magnesium hydride is 
the sluggish kinetics of both hydrogenation and dehydrogenation [29, 38, 45]. 
Hydrogenation of magnesium is exothermic while dehydrogenation is endothermic, as 
shown in Eq. 2, where the rightward is hydrogenation and the leftward is dehydrogenation.  
Mg+H2 ←→MgH2 ΔH= 74.5 kJ/mol H2     Eq. 2 
As mentioned in section 2.1.2, the enthalpy of formation for magnesium hydride is 
74.5 kJ/mol H2, implying a relatively high operation temperature is necessary for both 
hydrogenation and dehydrogenation. During recent decades, there has been a large quantity 
of studies focusing on improving the hydrogenation/dehydrogenation kinetics of 
magnesium hydrides. Two major ways are: 1) reducing particle size and 2) using additives.  
Typically, the most common way to reduce particle size of magnesium hydride is ball 
milling [46-48]; other methods such as chemical/physical vapor deposition [49-52], rolling 
[53, 54], and combustion [55, 56] have also been employed to prepare magnesium-based 
hydrides. The experimental onset temperature of dehydrogenation for as-received 
magnesium hydride tested by Differential Scanning Calorimetry (DSC) is 420-450 ºC [46-
48]. Polanski et al. showed that ball-milled magnesium hydride could dehydrogenate at 
325 ºC under a 1 bar back pressure, while as-received magnesium hydride cannot [48]. 
Also, ball-milled magnesium hydride could uptake approximately 3 wt.% more hydrogen 





Another way to improve hydrogenation and dehydrogenation kinetics of magnesium 
hydride is using additives. The most widely studied additives are: 1) transition metals and 
transition metal compounds; b) intermetallic compounds and alloys, and 3) carbon and 
composites [46, 57-59]. See Table 4 for more details of the catalysts. With appropriate 
additives, the dehydrogenation temperature of magnesium hydride could be as low as ca. 
200 ºC [25]. It should be pointed out that the decrease of dehydrogenation temperature to 
such a level (~200 ºC) is merely kinetics improvement, and there is no alteration in 
formation enthalpy of magnesium hydride. Further reduction in dehydrogenation 
temperature of magnesium hydride requires thermodynamic modification [40]. A big 
breakthrough, room temperature hydrogenation of magnesium hydride, was also available 
with the participation of appropriate additives, such as Nb [27], Nb-V [60], V-Cr [61, 62], 
and Ti-based binary and ternary intermetallic compounds [25].  
 
2.2 Hydrogenation Kinetics Study of Magnesium Hydride 
In order to be practically used on automobiles, one of the preconditions is the fast 
kinetics at low temperature range, even as low as room temperature. Take the proposed 
thermal battery as an example; less, if not no, extra energy is required to start working 
mode. In other words, the metal hydrides do not need to be heated up, or only need a 
moderate temperature, to hydrogenate and dehydrogenate. Further understanding in the 
hydrogenation kinetics of magnesium hydride and related mechanisms helps to improve 
the hydrogenation properties more specifically. Even though the hydrogenation kinetics 
has been improved considerably by adding additives and ball milling, an agreement in the 









Table 4. Catalysts used for magnesium hydrides. 





Ti, TiH2, TiO2, TiCl3, 
TiC, TiF, and TiB2 
[34, 63-65] 
V-based V, V2O5 [66, 67] 
Nb-based 
Nb-based, Nb, 




Ni-, Fe-, Co-, Pd-, 
Zr-, Mn-, and Cr-
based  
[47, 54, 71-75] 
Intermetallic 
compounds 
TiMn2, TiFe, Mg2Ni, Nb-V alloy, V-Ti-Cr 
alloy, and misch metals 
[25, 61, 72, 76-78] 
Other additives 
Carbon nanotubes [79, 80] 






2.2.1 Kinetics Studies 
Chemical kinetics focuses on the quantitative study of the rates of chemical reactions 
and of the factors upon which they depend [84]. Conventionally, the reaction progress is 
defined as the fraction of the transformation, ξ (0≤ξ≤1), which is a function of reaction time, 
t, and rate constant, k, as shown in Eq. 3: 
),( tkf          Eq. 3 
The rate constant k is also known as specific rate and the rate coefficient is numerically 
equal to the reaction rate when the reactants are present at unit concentrations [84]. Rate 
constant k is a function of temperature [85]. The relationship between rate constant k and 
temperature T was first found empirically by Hood that the rate constant k of a reaction 







         
Eq. 4 
where A' and B are constants. Later in 1884, Van’t Hoff argued on the basis of the effect of 
temperature on equilibrium constants [88]. This idea was extended by Arrhenius [89] who 
suggested in the late 1800s that the rate constant k of most reactions varies with temperature 




A a         Eq. 5 
where k is the rate constant, A is the frequency factor or pre-exponential factor, and T is the 
absolute temperature. If we take the natural logarithm of both sides of Eq. 5, the Arrhenius 








k a lnln 
        
Eq. 6 
Even though the Arrhenius law is empirical, it was found to be highly accurate for 
almost all the types of chemical reactions [84]. Arrhenius first mentioned the concept of 
activation energy, Ea, as the minimum energy that must be input to a chemical system, 
containing potential reactants, in order for a chemical reaction to occur. Activation energy 
could be calculated by the slope of the Arrhenius plot, which is ln(k) against the reciprocal 
of the absolute temperature 1/T [84]. 
 
2.2.2 Methods of Kinetics Studies for Gas-solid Reactions 
There are diverse methods to study chemical kinetics such as calculating rate constants, 
half-life method, differential method, isolation method, etc. [84, 85]. As hydrogenation of 
magnesium hydride is a gas solid reaction, the reaction rate in terms of concentration 
cannot be easily obtained. Instead, the fraction of transformation ξ is frequently chosen as 
the index to evaluate hydrogenation kinetics [85]. Usually, the fraction of transformation ξ 
is not measured directly but converted based on reaction variables such as mass, volume, 
pressure, etc.   
Theoretically, during the kinetics measurement, sample temperature should be kept as 
a constant, i.e., kinetics measurement should be performed under isothermal condition. 
Approximately 20 rate laws have been found applicable to describe the kinetics of solid 
state processes [85]. Table 5 listed the most commonly used rate laws applied in the 
hydrogenation kinetics studies [85].  
As experimental technologies develops during recent decades, the detection of subtle 






Table 5. Classification of most commonly used rate laws for gas-solid reactions. 
Rate laws Numerical equation Mechanism Curve shape 
P1 power ξ1/n=kt 
-- Concave 
































F1 first order -ln(1- ξ)=kt 
Based on reaction 
order 
F2 second order 1/((1- ξ)=kt 






kinetic studies. The only restriction is that heating rate must be constant [74, 85, 90]. One 
of the major methods is to measure the weight change via TGA or DSC based on the 
Kissinger theory, Eq. 7. Kissinger [90] successfully evaluated kinetics behavior of gas-
solid reactions under a constant heating rate via differential thermal analysis patterns.  
        Eq. 7 
where Tmax is the temperature when reaction rate reaches the maximum, β is the heating 
rate, Ea is the activation energy, R is the gas constant, ξ is the fraction of transformation, 
and FKAS(ξ) is the function of fraction of transformation ξ. In such a nonisothermal 










. Other methods such as the Reich and Stivala Method reveal more 
kinetics details, which were explained in other earlier works [85] and will not be covered 
in this work. 
 
2.2.3 Hydrogenation Kinetics Studies 
The hydrogenation for metal hydrides consists of the following five steps [91, 92]: 
1) Physisorption of hydrogen molecules; 
2) Dissociation of hydrogen molecules and chemisorption; 
3) Surface penetration of hydrogen atoms; 
4) Diffusion of hydrogen atoms through the hydride layer, either by an interstitial or 
a vacancy mechanism; 
5) Hydride formation at the metal/hydride interface. 




















or several steps that are much slower than the others, which is usually defined as the rate-
limiting step, i.e., the rate of the entire hydrogenation process depends on this step [91, 93].  
For the hydrogenation kinetics study, one requirement that must be met is that driving 
force of the hydrogenation should be constant [94-96]. The constant driving force does not 
mean a constant pressure, but rather a constant value of the pressure dependence factor 
F(P), which has various forms used by earlier investigators; see Table 6. Rudman [94] 
derived a driving force factor, T(1-(Peq/P)1/2) for hydrogenation and T(1-(P/Peq)1/2) for 
dehydrogenation, which combined the effect of both pressure and temperature based on the 
Johnson-Mehl-Avrami (JMA) equation, with the assumption that the rate-limiting step for 
hydrogenation/dehydrogenation was diffusion. Later in 1999, Ron [96] put forward a 
normalized pressure dependence method (NPDM). The NPDM suggested to use the 
pressure dependence factor F(P)=|Peq-P|/P, and insert the pressure dependence factor in 
the rate equations, f(ξ)=ktF(P), to offset the effect of pressure variation.  
In addition, if using isothermal methods to evaluate the kinetics, sample temperature 
must be kept constant, or at least varied in a small temperature range only. Unfortunately, 
an isothermal condition is usually difficult to maintain during hydrogenation of magnesium 
hydrides due to the thermal gradient effect or self-heating phenomenon [28, 97]. The 
thermal gradient effect or self-heating phenomenon refers to the rise of temperature during 
the initial stage of hydrogenation [28, 97], and is primarily an effect of the large exothermic 
hydrogenation reaction heat and the poor heat conductivity of the hydrogen storage 
materials. Due to insufficient heat dissipation from the hydrogen storage material, a large 


















Table 6. Pressure dependence factors F(P) used by previous investigators [96]. 




|ln(Peq/P)| |P-Peq| F(P/Peq)n 






of the material. This propels a faster reaction, resulting in even more heat releasing, leading 
to considerable temperature rise. This significant self-heating phenomenon has been 
observed during hydrogenation as a temperature spike during the initial stage of the process. 
Moretto et al. reported that during hydrogenation of Mg-based materials, the sample 
temperature could rise by as much as 80 ºC in the initial hydrogenation period [28].  
The effects of self-heating on the kinetics of hydrogenation have also been reported 
for studies of Mg2Ni and LaNi5 alloys [98-100]. Three methods have been primarily used 
to minimize the self-heating effect: using a smaller mass of sample [28], changing reaction 
vessel design, and/or adding thermal ballast [98]. Thermal ballast serves as a heat buffer, 
which not only accelerates the heat conduction but also absorbs the heat itself, thus 
minimizing the temperature fluctuation. Thermal ballast materials should have high 
thermal conductivity and high heat capacity, and should be inert to H2 as well as the reaction 
materials. 
 
2.2.4 Case Studies of Hydrogenation Kinetics of Magnesium Hydrides 
The earliest study of hydrogenation of magnesium hydride dated back to 1955, when 
Ellinger et al. [101] concluded the hydrogenation of pure magnesium obeys the second 
order rule. Later Kennelley et al. [37] claimed that the hydrogenation of pure magnesium 
is a first order reaction. In 1976, Stander [102] reported a more detailed investigation 
regarding the hydrogenation kinetics of pure magnesium. As Stander claimed, initially the 
hydrogenation process is a rapid surface reaction, governed by the relation 1-(1-ξ)1/2=kt; 
while after the metal surface has been covered by the formed hydride, hydrogenation 





early works were done to study hydrogenation of pure magnesium hydrides. Huot et al. 
contended that diffusion was the controlling step for hydrogenation of magnesium hydrides 
because diffusion rate in β phase is much smaller than that in α phase, while no further 
evidence was provided [48].  
Since ball milling techniques and additives were introduced to prepare magnesium 
hydride, the hydrogenation properties have been improved considerably. Both the change 
in particle size/grain size and the composition of materials could lead to the change in 
hydrogenation mechanism. Moreover, the improvement in hydrogenation kinetics of 
magnesium hydrides allows such material to uptake hydrogen at a much lower temperature, 
which must be treated differently from hydrogenation at high temperature. 
Lu et al. [26] studied the hydrogenation kinetics of ball-milled magnesium hydride 
with the presence of TiH2. Such material has superior kinetics and can even uptake 
hydrogen at room temperature. Lu found the first order rate law can best describe the 
hydrogenation kinetics of ball-milled magnesium with TiH2, and the calculated activation 
energy was 16.4 kJ/mol H2. He further concluded that the rate-limiting step was the 
hydrogen dissociation based on the fact that adding TiH2 made a drastic improvement to 
the hydrogenation kinetics.  
Zhou et al. [25] compared the effect of Ti-base intermetallic compounds on the 
hydrogenation kinetics of ball-milled magnesium hydrides. With most of the reported Ti-
based intermetallic compounds, the ball-milled magnesium hydrides could absorb 
hydrogen at room temperature. The Johnson-Mehl-Avrami (JMA) rate law was applied to 
characterize the hydrogenation behavior of the ball-milled magnesium hydride with 





with an activation energy varied from 20.6-25.5 kJ/mol H2.  
Tan et al. [60] examined the hydrogenation kinetics of thin film magnesium hydride 
using Nb-V alloys as catalyst. Throughout the kinetics analysis, a driving force factor T(1-
(Peq/P)1/2) was kept constant, as Rudman suggested. The authors found that the entire 
hydrogenation kinetics behavior could be interpreted by the Johnson-Mehl-Avrami (JMA) 
rate law as a two-stage procedure. During the first stage, hydrogenation rate was much 
faster than that during the second stage. They also combined cryo-stage TEM results of 
partially absorbed material and concluded that the two-stage hydrogenation behavior was 
due to the distribution and stability of the surface catalyst, which in turn determined the 
cycle ability of such material. 
Barkhordarian et al. [103] studied both the hydrogenation and dehydrogenation 
kinetics of magnesium hydrides with a different amount of Nb2O5 as catalyst. They fit the 
experimental data with different kinetics models such as the JMA model, contracting 
volume, etc. Then the authors concluded that the hydrogenation of such material was 
controlled by diffusion, while dehydrogenation mechanism varied with different Nb2O5 
content and different milling time. 
In addition to experimental characterization, there was also theoretical calculation 
focusing on the hydrogenation kinetics of magnesium hydrides. Yao et al. [104] calculated 
the diffusion coefficient as a function of temperature and verified with experimental results 
of Mg-FeTi-CNT system. As to the theoretical model, assumptions are: 1) diffusion is the 
control step of magnesium hydrogenation; 2) particles are spherical; 3) hydrogen diffusion 
is much faster along grain boundaries than that through grains; 4) hydrogen concentration 





magnesium is much larger than that in magnesium hydride. The authors also discussed the 
effect of grain size on the hydrogenation kinetics and suggested that reducing grain size 
leads to faster kinetics.  
A comparison and summary of previous studies of hydrogenation kinetics of 
magnesium hydrides is listed in Table 7. There were lots of kinetics studies regarding 
hydrogenation of metal hydrides other than magnesium hydrides, among which LaNi5-
based material is one of the most thoroughly studied metal hydrides. However, no 
agreement has been reached so far regarding to the rate-controlling step, or kinetics 
mechanism for hydrogenation of LaNi5-based materials. 
Pan et al. [105] analyzed the hydrogenation kinetics of Mg-LaNi5 composites with 
Chou’s model, a new model developed by Chou and Xu with more explicit analytic 
explanation [93]. They found the controlling step in hydrogenation of the Mg-LaNi5 
composites was hydrogen diffusion if sample was prepared by microwave sintering (MS) 
and combustion synthesis (CS); however, if sample was prepared by mechanical milling 
(MM), the rate-controlling step became surface penetration. This change in hydrogenation 
mechanism implies that different sample preparation methods could lead to discrepancy in 
kinetic behavior.  
Muthukumar et al. [92] compared the hydrogenation kinetics of LaNi5 with 
LaNi4.7Al0.3 and LaNi4.9Sn0.1. It turned out that the Jander Diffusion Model (JMD) could 
successfully describe the hydrogenation behavior of all three metal hydrides, which meant 
diffusion was the most possible mechanism for hydrogenation of these LaNi5-based 
materials. However, the hydrogenation of a similar metal hydride, LaAl0.25Ni4.75, appeared 









Table 7. Summary of previous studies on hydrogenation kinetics of magnesium hydride. 







None Second order - - [101] 
None First order 111.3* - [37] 
None 
First surface control, then 
diffusion control 
95.5 P>>Peq [102] 
10% TiH2 First order, H2 dissociation 16.4 P>>Peq [26] 









Studied hydrogenation kinetics using modeling, effect 
of grain size was also examined 
[104] 





et al. [107] found the hydrogenation of LaNi4.5Al0.5 is controlled by the dissociative 
chemisorption of hydrogen molecules.   
To conclude, the general approach of kinetics characterization is to fit experimental 
data with different models. Various factors could influence the hydrogenation kinetics of 
metal hydrides, for example, adding additives or not, how sample was prepared, what 
sample processing parameters were used such as milling time, as well as the test condition 










As discussed before, there have been only a few studies focusing on the hydrogenation 
of magnesium hydride-based materials. Moreover, discrepancies regarding the rate-
controlling step for hydrogenation of magnesium hydrides have not been resolved so far.  
Firstly, the thermal effect during hydrogenation of magnesium hydrides was often 
neglected in the kinetics studies. The reported three ways to eliminate thermal effect, use a 
small amount, change reaction vessel design, and add ballast, have their own drawbacks 
when dealing with magnesium hydride. Due to the relatively large formation enthalpy and 
poor thermal conductivity of magnesium hydride, the thermal effect of magnesium hydride 
is more serious than many other metal hydrides such as LaNi5 and Mg2Ni; thus, merely 
reducing the amount of magnesium might be insufficient for maintaining the isothermal 
condition. Changing reaction vessel design could be a possible but not universal resolution 
due to the variety of the test methods and equipment. The proven successful thermal 
ballasts reported for LaNi5 and Mg2Ni, such as copper and nickel, will alloy with 
magnesium, especially during dehydrogenation at high temperature.  
Secondly, the hydrogenation temperature in previous kinetics studies of magnesium 
hydrides was relatively high considering the kinetics improvement these recent years. 





additives. Moreover, low-temperature hydrogenation is of more importance in practical 
application because there is no need to heat up the materials in order to start hydrogenation. 
However, the existing kinetics studies mainly focus on a temperature range higher or much 
higher than 200 ºC. 
Thirdly, the mechanism of magnesium hydrogenation could possibly be altered when 
processed with different variables. As we discussed in section 2.2.4, the change in milling 
method and milling parameters could possibly alter the rate-limiting step of magnesium 
hydrogenation. More details regarding the effects of processing and testing parameters on 
the hydrogenation kinetics are necessary to further understand and improve the properties 
of magnesium hydride.  
Therefore, the research objectives in this work are: 
1) Find a suitable method to minimize the thermal effect; 
2) Investigate the effect of milling parameters and catalyst; 
3) Investigate the effect of temperature and pressure on hydrogenation of magnesium 
hydride-based materials; 










EXPERIMENTAL WORK  
 
4.1 Materials Preparation and Handling 
The starting material, MgH2 and TiH2, were used as received. TiMn2 and 75V-5Ti-
20Cr needed to be pulverized through an activation process, during which sample would 
undergo a cycle of pressurizing (~150 bar) and evacuations 3-4 times under room 
temperature. Before usage, graphite will be degassed under vacuum for 4 h at 400 ºC, in 
order to eliminate the possible residual water and gas. The detailed information of materials 
used in this work is listed in Table 8. All the material handling included in the present study 
was carried out in a glovebox and sample will be sealed before being taken out. The 
glovebox is filled with purified argon (99.999%), which contained less than 1 ppm water 
vapor and 1 ppm oxygen, in order to minimize contamination.  
Samples were milled using 1/4 inch stainless steel balls (ca. 330 g) via a custom-made 
ultrahigh-energy-high-pressure (UHEHP) planetary milling machine. Before ball milling, 
a sample was sealed inside the glovebox in a 160 ml nonstirred vessel from Parr Instrument, 
and pressurized to ~150 bar. After ball milling, sample was first depressurized and then 












Table 8. Raw materials used in this work. 
Material Purity (%) Company Handling Handling 
MgH2 98 Sigma-Aldrich As received 
 
Glovebox 
 TiH2 99 Alfa-Aesar 
TiMn2* - Sigma-Aldrich Used after 
activation 
Activation, 
Glovebox 75V-5Ti-20Cr - Custom made** 





* The composition for TiMn2 is Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5 





4.2 Sample Characterization 
4.2.1 Kinetics Test 
Hydrogenation kinetics measurements were performed using a commercial Sieverts 
type apparatus (PCTPro-2000), and a detailed sample cell configuration is shown in Figure 
4. To obtain more accurate temperature reading, a K-type thermocouple was inserted in a 
stainless steel thermocouple well that was in direct contact with the sample powder. 
Hydrogen pressure was measured using a Teledyne Taber model 206 piezoelectric 
transducer, 0-200 bar, with a resolution of 10-3 bar. The amount of hydrogen desorbed and 
absorbed was calculated by the pressure change in the calibrated volume. Each time, 
approximately 0.5 g of the powder mixture was loosely packed in a stainless steel sample 
holder, which was then sealed in the PCT autoclave in the glovebox. Before being used in 
hydrogenation kinetics tests, each fresh sample would undergo 3 cycles of hydrogenation 
and dehydrogenation at 300 °C to eliminate the residual stress produced during mechanical 
milling, using a pressure of 10 bar for hydrogenation and 0.01 bar for dehydrogenation.  
 
4.2.2 X-ray Diffraction (XRD) 
High energy X-ray diffraction (XRD) was used for phase identification and grain size 
estimation. The experiments were operated at the Sector 11 of the Advanced Photon Source 
(APS), Argonne National Laboratory. The samples were sealed up in a Kapton tape in the 
glovebox. The 2-D diffraction patterns were collected in the transmission mode using either 
a Piratus 2M or a Perkin–Elmer large-area detector, and transformed to 1-D patterns 
(intensity vs. 2θ) for final data analysis by integration with the FIT2D software, after which 



















analysis were performed by using the well-known Williamson-Hall equation, Eq. 8, which 
is a simplified breadth method where both size-induced and strain-induced broadening are 






     
Eq. 8 
where K stands for shape factor, which is a constant and taken as 0.9 here, λ is the X-ray 
wave-length, FW(θ) is the full width half maximum of the peak (FWHM) in radians with 
the instrumental broadening effect corrected, and θ is the position of the peak maximum. 
When plotting FW(θ)*Cos(θ) against Sin(θ), the grain size and strain could be calculated 
via the intercept and slope of the plot. 
 
4.2.3 Specific Surface Area 
The specific surface area was measured using a TriStar 3020 surface area analyzer 
with a resolution of 0.01 m2/g. During the measurement, helium was used as calibration 
gas and nitrogen as testing gas, and sample was immersed in liquid nitrogen to ensure low-
temperature isothermal condition for the test. Brunauer Emmett Teller (BET) theory was 
applied for analyzing the surface area. Generalized from the Langmuir single layer 
absorption theory, BET theory incorporated the concept of multimolecular layer adsorption, 
with a fundamental assumption that the forces active in the condensation of gases are also 
responsible for the binding energy in multimolecular layer adsorption [109]. Sample was 
sealed before the measurement to minimize the possible influence of contamination on 







4.2.4 Transmission Electron Microscopy (TEM)  
Transmission Electron Microscopy imaging and selected area electron diffraction 
(SAED) analysis was performed on a JEOL 2010 LaB6 (CTEM only) transmission electron 
microscope operated at 200 kV, using a Gatan HHST4004 heating environmental vacuum 
cell transfer stage. For each specimen, a portion of powder was dry-transferred to a holey 
carbon coated 400 mesh Cu TEM grid, which was then loaded into the vacuum transfer 
stage. To avoid any exposure, the sample was retracted into the vacuum cell, which was 
then sealed off and pumped down to a roughing vacuum before transfer to the microscope. 
 
4.2.5 Inductively Coupled Plasma Mass Spectrometry (ICP) 
The Fe content was detected using an Agilent 7500ce Inductively Coupled Plasma 
quadrupole mass-spectrometer with a double-pass spray chamber, sapphire torch injector, 
platinum cones, and octopole reaction system. Helium gas with a flow rate of 4 mL/min in 
the collision cell was used to decrease the interference of ArO. 
About 90 mg of sample were transferred into a preweighted acid-leached PTFE vial 
and digested with 10 % HNO3 (Aristar Plus). The total dilution factor from the solid sample 
to the solution run in the ICPMS was ~6,000. All operations were performed in a laminar 
flow bench providing a dust-free environment. A calibration curve was measured using 
concentrations of 0, 0.2, 0,4, 1.1, and 10 mg Fe/L (Inorganic Ventures). Also, In was used 
as an internal standard with a final concentration of 20 mg/L in the diluted solution. Internal 
standard normalized intensities were fitted against the concentration for the calibration 
curve (r2 = 0.9999), and the internal standard normalized intensities for the samples were 








ISOTHERMAL HYDROGENATION KINETICS OF MAGNESIUM  
HYDRIDE WITH TITANTIUM HYDRIDE ADDITIVE 
 
5.1 Introduction 
Magnesium hydride (MgH2) is regarded as a promising material for not only hydrogen 
storage, but also thermal devices such as cooling and heating machines, heat pumps, and 
solar thermal storage systems. Magnesium hydride is low cost, and has a very high 
theoretical hydrogen storage capacity (7.6 wt.%) and high desorption enthalpy (74.5 kJ/mol 
H2), and thus, high energy density [26, 92]. Practical applications of MgH2 have been 
impeded, however, due to both the intrinsic thermodynamic stability of MgH2 and the 
sluggish kinetic rates of dehydrogenation and hydrogenation of magnesium. 
The kinetic behavior of MgH2 can be improved by using mechanical ball milling to 
produce nano-scale particles, or by adding a transition metal alloy [110] or intermetallic 
compounds [25, 40] as catalytic additives. For example, Ti-based additives such as TiH2 
and TiMn2 have been demonstrated as effective catalysts to allow MgH2 to absorb 
hydrogen, even at room temperature [26]. In particular, Zhou et al. showed that the nano-
sized MgH2 with 5 at.% TiMn2 additive can absorb 3 wt.% hydrogen at room temperature 
within 250 minutes under 1.0 bar H2 pressure [25].These are extraordinary rates of 





MgH2 with Ti-based additives, are still unavailable. 
In general, there is a large body of research literature regarding the hydrogenation 
kinetics of commercially pure magnesium [28, 48, 111], and temperature is always one of 
the most important factors affecting the kinetics of hydrogenation and dehydrogenation. 
However, most of the studies in the past were conducted within temperature ranges from 
200 to 400 ºC because the rate of hydrogenation of Mg is too slow to be readily measured 
at low temperatures, especially difficult at room temperature. For practical engineering 
applications such as on-board hydrogen storage for fuel cell vehicles, however, the low 
temperature range for hydrogenation or dehydrogenation would be far more important than 
the higher temperature ranges. Moreover, it is usually understood that the high-temperature 
kinetic behavior of MgH2 may not be applicable to that of room temperature because rate-
limiting steps could change as temperature varies [67, 98]. 
Another important issue in studies of the kinetics of hydrogenation, which has often 
been neglected in the literature, is the thermal gradient effect or self-heating phenomenon 
that can easily render a kinetics study inaccurate. Kinetics analysis is usually based on 
fitting kinetic data to various theoretical or empirical models. Most of these models, such 
as the Jander diffusion model and the volume contracting model, are based on isothermal 
assumptions, i.e., reaction should proceed at a constant temperature. It would be 
questionable to expect reliable mechanistic conclusions when interpreting kinetics data of 
a nonisothermal process using an isothermal kinetics model. 
Unfortunately, an isothermal condition is usually difficult to maintain during 
hydrogenation due to the thermal gradient effect or self-heating phenomenon [28, 97]. The 





the initial stage of hydrogenation [28, 97], and is primarily an effect of the large exothermic 
hydrogenation reaction heat and the poor heat conductivity of the hydrogen storage 
materials. Due to insufficient heat dissipation from the hydrogen storage material, a large 
amount of heat released during hydrogenation will accumulate and raise the temperature 
of the material. This propels a faster reaction, resulting in the release of more heat, leading 
to considerable temperature rise. This significant self-heating phenomenon has been 
observed during hydrogenation as a temperature spike during the initial stage of the process. 
Moretto et al. reported that during hydrogenation of Mg-based materials, the sample 
temperature could rise by as much as 80 ºC in the initial hydrogenation period [28].  
The effects of self-heating on the kinetics of hydrogenation have also been reported 
for studies of Mg2Ni and LaNi5 alloys [98-100]. Three methods have been primarily used 
to minimize the self-heating effect: using a smaller mass of sample [28], changing reaction 
vessel design, and/or adding thermal ballast [98]. Thermal ballast serves as a heat buffer, 
which not only accelerates the heat conduction but also absorbs the heat itself, thus 
minimizing the temperature fluctuation. Thermal ballast materials are required to have high 
thermal conductivity and high heat capacity, and should be inert to H2 as well as the reaction 
materials. 
In this work, we investigated the hydrogenation kinetic behavior of MgH2-0.1TiH2. 
The self-heating effect was characterized and minimized by using expandable graphite as 
the thermal ballast material to ensure isothermal conditions. Experiments were conducted 
at different temperatures within a low temperature range, from room temperature to 200 
ºC. The JMA model was applied to describe the kinetic behavior, and an estimate was made 





5.2 Experimental Details 
The elements Ni, Al, Mn, and Cu have been reported as effective thermal ballasts for 
Mg2Ni and LaNi5 alloys [98, 99, 112]. However, these thermal ballasts are not suitable for 
Mg, since they may react with Mg. Song et al. confirmed that Ni would take part in the 
dissociation of H2 during the hydrogenation process and affect the 
hydrogenation/dehydrogenation kinetics of Mg powder [112, 113]. In our preliminary trial 
tests, when copper was used as the thermal ballast, it was found that copper reacted with 
Mg to form a Mg-Cu alloy. Expandable graphite has also been reported as a good candidate 
for thermal ballast. It has excellent thermal conductivity, and is also inert in relation to Mg, 
Ti [114], and H2 [115] under the temperature range from room temperature to 400 ºC. 
Expandable graphite was therefore chosen for this study. The expandable graphite (> 98%) 
employed in this study was purchased from Asbury Carbons (Asbury, NJ). Before being 
used, the graphite was degassed at 300 ºC for 3 h and stored under vacuum to avoid surface 
contamination before use. 
The raw materials for this work, magnesium hydride (MgH2, 98%) and titanium 
hydride (TiH2, 99%), were purchased from Sigma-Aldrich (Milwaukee, WI) and Alfa-
Aesar (Ward Hill, MA), respectively, and used without any further purification. It should 
be noted that the impurity content of the raw material can, in general, be quite significant, 
resulting in a lower H content in the raw material than the theoretical H content of MgH2. 
All the material handling in the present study was carried out in a glovebox filled with 
purified argon (99.999%), which contained less than 1 ppm water vapor and 1 ppm oxygen, 
in order to minimize contamination. 





and milled via a custom-made ultrahigh-energy-high-pressure (UHEHP) ball milling 
device under a 150 bar hydrogen pressure. The milling was carried out at room temperature 
for 7 h using a ball-to-powder ratio of 110:1 by weight (approximately 10:1 by volume). 
After milling, the MgH2-0.1TiH2 powder was mixed by hand for 30 min, using ten times 
more expandable graphite by weight (i.e., the ratio of the expandable graphite to the MgH2-
0.1TiH2 powder was 10:1 by weight). 
The amount of expandable graphite required to minimize the temperature spike was 
estimated based on the temperature change and the hydrogen uptake observed in a 
nonisothermal hydrogenation test of MgH2-0.1TiH2, without the addition of expandable 
graphite. As shown in Figure 5, the sample was quickly heated due to the self-heating effect 
from the initial temperature of 100 ºC to the peak temperature of 111 ºC in as short as 9.3 
seconds. Assuming the sample was perfectly insulated thermally without any heat 
dissipation, the calculated peak temperature rise would be 554 ºC based on the amount of 
H2 absorbed within this short period of time (1.91 wt.% H2), the hydrogenation reaction 
enthalpy, as well as the heat capacity of MgH2-0.1TiH2. Detailed calculation of peak 
temperature is given in Appendix B. Even though this estimation was based on a thermally 
isolated condition, it provided a reasonable approximation to determine how much graphite 
should be added. The estimated peak temperature rise decreased with increasing amounts 
of graphite, following the trend shown in Figure 6. As shown in the figure, the effect of 
graphite on reducing the undesired temperature rise becomes minute if the graphite is more 
than 10 times the MgH2-0.1TiH2. Furthermore, in the case of no addition of graphite, the 
observed temperature increase (11 ºC) was only about 1/50 of the estimated value (554 ºC), 



















through the sample holder and the PCT reactor. If a factor of 10 was used for the graphite 
to MgH2-0.1TiH2 ratio, the temperature spike was expected to be only approximately 1 ºC 
(1/50 of the estimated value of 51 ºC calculated according to Appendix B), suggesting that 
an amount of graphite addition beyond a factor of 10 would be unnecessary for the purpose 
of isothermal tests. 
Hydrogenation kinetics measurements were performed using a commercial Sieverts 
type apparatus (PCTPro-2000). The hydrogenation kinetics of the material was evaluated 
for 5 different temperatures (25 ºC, 60 ºC, 100 ºC, 150 ºC, and 200 ºC). For each test run, 
the sample was fully dehydrogenated by holding at 300 ºC in vacuum for 1 h, followed by 
cooling to the required temperature to start the measurement of the hydrogenation kinetics. 
The pressure was fixed at 10 bar for all hydrogenation tests. As for the driving force of the 
hydrogenation kinetics, Ron [96] proposed a normalized pressure dependence method 
(NPDM) for kinetic rate evaluation of metal hydride formation and decomposition, 
suggesting that the pressure dependence function, i.e., the driving force, has a general form 
of F(P)=|Peq-P|/P, where P and Peq are the system pressure and the equilibrium pressure, 
respectively.  
The equilibrium pressures of MgH2 under different temperatures were estimated by 
the Van’t Hoff equation:  
        Eq. 9 
Based on the enthalpy and entropy of the hydrogenation reaction reported by Zhou et 
al. [25], which is 75.24 kJ/mol H2 and 135.14 J/K.mol H2, respectively, the equilibrium 
pressure and pressure dependence factor F(P) is listed in Table 9. The values of the pressure 





















Table 9. Equilibrium pressure of MgH2-0.1TiH2 and corresponding pressure dependence 
factor F(P) at different temperatures. 
Temperature (ºC) 25 60 100 150 200 
















temperatures of 25, 60, 100, 150, and 200 ºC, respectively, as shown in Table 9. It can be 
seen that these values for F(P) are all approximately equal to 1, and, for convenience, the 
pressure dependence factor F(P) is treated as equal to 1 in the remainder of this work.  
 
5.3 Results and Discussions 
5.3.1 Temperature Spike 
The effect of adding expandable graphite to minimize the temperature spike is clearly 
demonstrated in Figure 7, in which the changes of temperature and hydrogen uptake in the 
hydrogenation tests at 100 ºC are plotted for the samples with and without expandable 
graphite. After adding expandable graphite, the temperature spike was dramatically 
decreased from 11 ºC to 1.2 ºC. For a thermally activated hydrogenation reaction, the 
dependence of the reaction rate constant, k, on temperature can be expressed by the 
Arrhenius' equation: 
        Eq. 10 
where k is the reaction rate constant at the temperature T, Ea is activation energy, R is gas 
constant, and A is pre-exponent factor. The reaction rate k increases with temperature. The 
error in the hydrogenation rate constant k due to temperature deviation can be estimated in 
order to demonstrate that adding expandable graphite is effective in maintaining an 





















Figure 7. H2 uptake and temperature profiles of samples with and without expandable 







  Eq. 11 
Based on the activation energy of hydrogenation (17.9 kJ/mol H2), the error in the 
reaction rate constant k due to the observed temperature spike at 100 ºC (11 ºC) of the 
nonisothermal hydrogenation process was calculated to be 16.52 %. After expandable 
graphite was added, the error in reaction rate was estimated to be merely 2.3 % due to the 
much smaller temperature spike. 
For the samples with expandable graphite, the temperature spikes observed in the 
hydrogenation tests at other temperatures were also very small with respect to their 
corresponding test temperature. As shown in Figure 8, temperature spikes of 0.1, 1.0, 1.2, 
1.5, and 1.9 ºC were observed for hydrogenation tests at 25, 60, 100, 150, and 200 ºC, 
respectively. Corresponding to the above, the estimated errors of reaction rate constant k 
were 0.24 %, 1.93 %, 1.85 %, 1.80 %, and 1.82 %, respectively. These are very small errors 
and they suggest that the hydrogenation kinetics of MgH2-0.1TiH2, at a 1:10 ratio with 
expandable graphite, can be regarded as isothermal or at least near isothermal. 
 
5.3.2 Hydrogenation Rate 
In addition to the observed significant difference in temperature spikes between the 
isothermal (i.e., with expandable graphite) and the nonisothermal tests (i.e., without 
expandable graphite), the hydrogenation rate under these two conditions was also found to 
be quite different from each other. As shown in Figure 7, the amount of hydrogen absorbed 




















































Figure 8. Temperature profiles of samples with expandable graphite hydrogenated at 







the sample with expandable graphite after the same period of reaction time. For example, 
after 500 seconds of hydrogenation, 3.5 wt.% of hydrogen was absorbed in the 
nonisothermal test, while only 2.6 wt.% was absorbed in the isothermal test. The difference 
in the amount of absorbed hydrogen between the two cases was found to exist primarily in 
the first few tens of seconds, indicating that during this period, the hydrogenation rate under 
a nonisothermal condition was considerably larger than that under an isothermal condition. 
However, hydrogenation rates after this short initial stage were nearly the same in both 
cases. 
The higher hydrogenation rate in the initial stage under a nonisothermal condition can 
be attributed to the accelerated reaction, due to the significant self-heating effect. In the 
nonisothermal tests, the reaction rate varied considerably in the initial stage due to drastic 
temperature spikes caused by the strong exothermic hydrogenation reaction of magnesium. 
Therefore, the reaction rate observed in the initial stage of the nonisothermal test is not the 
true reaction rate at the set point temperature; rather, it should be higher than the true 
reaction rate. After the initial stage, the relatively slow reaction in comparison to that in the 
initial stage resulted in a slower rate for the release of heat. As soon as the rate of heat 
release became smaller than the rate of heat dissipation, the sample temperature would start 
to drop from the peak value and gradually move back to the set point, and the reaction rate 
would thus decrease to a lower value corresponding to the set point temperature. For the 
isothermal test, since the sample temperature was almost the same as the set point 
temperature, even in the initial stage, the observed reaction rate was considered to be close 
enough to the true reaction rate for the set point temperature. The true reaction rate would 





under isothermal conditions (i.e., for samples with expandable graphite) was used for 
analysis and modeling.    
 
5.3.3 Hydrogenation Rates at Different Temperatures 
Hydrogenation curves (i.e., the hydrogen uptake as a function of time) at different 
temperatures under isothermal conditions are plotted in Figure 9. As shown in Figure 9, 
after any given period of time, the hydrogen uptake increased with increasing temperature, 
demonstrating the expected strong dependence of reaction rate on temperature.  
The hydrogenation curves at different temperatures indicated a common trend that the 
reaction rate in the initial hundreds of seconds was much higher than that in the later stage. 
The difference in the hydrogenation curves at different temperatures primarily resulted 
from the difference of reaction rate in the short initial period of time. The initial higher 
reaction rate at higher temperature resulted in a larger hydrogen uptake and the gaps 
between the hydrogenation curves of different temperatures existed primarily in the initial 
stage. As the reaction proceeded, the difference between the data of the 200 ºC and 150 ºC 
samples became very small; Figure 9. Theoretically, hydrogenation under any given 
temperature would reach the hydrogen capacity of the material, which is the maximum 
possible amount of hydrogen that a material can absorb, if sufficiently long reaction time 
is allowed. The higher the temperature is, the faster the hydrogenation rate is. The 200 ºC 
hydrogenation rate was sufficiently fast and the hydrogen uptake was close to the material’s 
hydrogen capacity at the end of the 1 h run, followed by the 150 ºC hydrogenation, which 
was slower than the 200 ºC hydrogenation in the initial stage, but reached approximately 



















temperatures (100, 60, and 25 ºC), a much longer time would be needed to reach the 
hydrogen capacity of the material. However, the hydrogenation experiments were not 
conducted for times longer than 1 h in this study because the thermal gradient effect is most 
pronounced within the first 1 h, or even the first few minutes. The main focus of the present 
study was to understand the effects of the thermal gradient in the initial stage of the reaction. 
Further studies, however, are necessary to precisely determine the time necessary for 
hydrogenation to reach the material’s hydrogen capacity at low temperatures. 
 
5.3.4 Kinetics Analysis  
Various kinetic models have been proposed to interpret the hydrogenation kinetics of 
different hydrogen storage materials. Based on the assumption of a rate-limiting step of 
hydrogenation, which could be surface physical sorption, surface penetration, diffusion, 
chemical absorption, and/or other processes, a kinetic model can be established to describe 
the fraction of hydrogenation reaction as a function of time [116]. Sabitu et al. studied the 
hydrogenation kinetics of TiH2-, Mg2Ni-, and Nb2O5–doped MgH2 and concluded that the 
most likely mechanism was a 3-D moving boundary [74]. Montone et al. modeled the 
hydrogenation kinetics of Fe-doped MgH2 with the JMA model and considered that the 
hydrogenation process could be controlled by either a 1-D interface reaction or a 2-D 
diffusion process [117]. The popular models for hydrogenation of metal hydrides are 
summarized in Table 10. In the kinetic equations listed, ξ stands for the reaction fraction 
after a certain period of reaction time t; k the reaction rate constant; and n is the Avrami 
exponent, related to the system geometry. The left-hand side of each kinetic equation is 










Table 10. Kinetic models applied for hydrogenation. 




[60, 92, 105, 118, 
119] 
Jander diffusion model (JMD) (1-(1- ξ)1/3)2=kt [92, 105, 116, 119] 
1-D diffusion ξ 2=kt [105, 119] 
2-D diffusion (Bidmensional particle shape) (1- ξ)ln(1- ξ) + ξ =kt [105, 119] 
3-D diffusion (Ginsling-Braunshteinn 
model) 
(1-2ξ/3)-(1- ξ)2/3=kt [105, 119] 
2-D contracting area 1-(1- ξ)1/2=kt [105, 119] 







Johnson-Mehl-Avrami (JMA) model.  
In order to determine which of the kinetic models could be used effectively to interpret 
the hydrogenation kinetics of MgH2-0.1TiH2, all the models listed in Table 10 were used 
to fit the kinetics data obtained under isothermal conditions. It was found that only the JMA 
model fit the hydrogenation kinetics of MgH2-0.1TiH2, while the other five models did not. 
In order to compare the hydrogenation kinetics, data at 100 °C were fit by the 2- and 
3-D contracting models, as well as the 1- and 2-D diffusion models as shown in Figure 10 
a), and the Jander diffusion and the 3-D diffusion models as shown in Figure 10 b). In these 
figures, the model parameter of each model was plotted as a function of time. If a model 
satisfactorily describes the hydrogenation kinetics, the plot of its model parameter versus 
time should be linear. None of the five plots could be best fit by a straight line, suggesting 
that none of the five models could be effectively used to interpret the hydrogenation 
kinetics of MgH2-0.1TiH2. 
In Figure 11, the model parameter of the JMA model, ln(-ln(1- ξ)), was plotted against 
the natural logarithm of the reaction time, ln(t), to evaluate the suitability of this model. 
Clearly, the kinetic data of this work for all the temperatures under isothermal conditions 
can be best fit by straight lines, suggesting that among the models listed in Table 10, the 
JMA model was the best numerical model for use in interpreting the hydrogenation kinetics 
of MgH2-0.1TiH2.  
The values of the reaction rate constant k at different temperatures from the best-fits 
of the kinetic data under isothermal conditions are listed in Table 11. The data show that 
the hydrogenation rate increases with increasing temperature. 





(a) (b)  
Figure 10. Plots of the model parameters versus time of a) the 2- and 3-D contracting 
models, and the 1- and 2-D diffusion models; b) the Jander diffusion model and the 3-D 
diffusion model. Note the y-axis scale is different for a) and b). Data were obtained at 100 




Figure 11. The JMA model parameters plotted against ln(t). Data were those from all 
tested temperatures under isothermal conditions and started from ln(t)=0 (t=1 s). 
 
Table 11. Values of the reaction rate constant k from the best-fit of hydrogenation kinetic 
data using the JMA model at different temperatures under isothermal conditions. 
T, °C 24.20 65.30 104.50 153.47 201.84 






different from that under isothermal conditions, due to the difference of temperature 
deviation in the initial stage of hydrogenation, as demonstrated in Figure 7. It is worthwhile, 
however, to examine whether the kinetic data under nonisothermal conditions can also be 
described by the JMA model. In Figure 12, plots of the JMA model parameters are drawn 
for the two groups of kinetics data at different temperatures. Obviously, while the 
isothermal data can be best fit by the JMA model as straight lines, the nonisothermal data 
appear to be nonlinear for most temperatures, suggesting that the JMA model is not suitable 
for interpreting the nonisothermal hydrogenation kinetics of MgH2-0.1TiH2. This is easily 
understood because the JMA model, as most other kinetic models, is established based on 
the assumption of isothermal conditions. It would therefore be unlikely to use the JMA 
model to interpret the kinetic data under nonisothermal conditions. It demonstrates again 
that self-heating during hydrogenation can render kinetic analyses inaccurate and 
isothermal conditions are necessary for effectively studying hydrogenation kinetics.  
In order to evaluate the activation energy of hydrogenation of MgH2-0.1TiH2, the 
reaction rate constant k at different temperatures, obtained from the JMA model best-fit of 
the isothermal kinetics data, as listed in Table 11, were collected to draw the plot of ln(k) 
versus 1000/T in Figure 13. According to Eq. 9, the activation energy can be calculated 
using the slope of the plotted line. In this work, the hydrogenation activation energy of 
MgH2-0.1TiH2 was calculated to be 17.9 kJ/mol H2 within the temperature range from 
room temperature to 200 ºC. 
The activation energy obtained in the present study may be more reliable than those 
of alternate methodologies for the MgH2-0.1TiH2 system, considering the facts that a) the 






Figure 12. Comparison between two cases, where the JMA model was used to fit the two 
groups of kinetic data, one for isothermal conditions (solid triangles) and the other for 
nonisothermal conditions (open squares).  
 
 
Figure 13. Plot of ln(k) versus 1000/T used to evaluate the activation energy of 





self-heating effect on the kinetics measurement, and b) the kinetics data were obtained over 
a wider temperature range. 
The activation energies for hydrogen diffusion in magnesium and magnesium hydride 
have been reported to be 40 kJ/mol H2 and 98-166 kJ/mol H2, respectively [61]. Both are 
much larger than the activation energy of hydrogenation of MgH2-0.1TiH2 calculated in 
this work, 17.9 kJ/mol H2, implying that hydrogen diffusion is not the rate-limiting step in 
the hydrogenation of MgH2-0.1TiH2. Further studies, however, are necessary to achieve a 
comprehensive understanding of this issue. 
 
5.4 Summary 
The hydrogenation kinetics of MgH2-0.1TiH2 was studied under isothermal conditions 
where the self-heating effect was minimized. The key results are summarized as follows: 
1. There was a significant temperature spike in the initial stage of hydrogenation of MgH2-
0.1TiH2 due to the heat released from the exothermic reaction. 
2. The addition of a sufficient amount of expandable graphite proved to be effective in 
minimizing the temperature spike and establishing the isothermal conditions for the 
kinetics study. 
3. The hydrogenation kinetics under isothermal conditions were significantly different 
from those under nonisothermal conditions. 
4. The hydrogenation kinetics of MgH2-0.1TiH2 under nearly isothermal conditions can 





5. The activation energy of hydrogenation of MgH2-0.1TiH2 was calculated to be 17.9 
kJ/mol H2, which is much lower than the activation energy of hydrogen diffusion in 










EFFECT OF MILLING PARAMETERS, CATALYST, TEMPERATURE,  
AND PRESSURE ON HYDROGENATION KINETICS  
OF MAGNESIUM HYDRIDE 
 
6.1 Introduction 
Hydrogenation is important in the application of magnesium hydrides, such as 
hydrogen storage, thermal storage, battery, etc. [12, 18]. As we discussed above in Chapter 
2, the sluggish hydrogenation kinetics in the past has been a major hurdle to realize 
practical application [29, 38, 45]. Over the recent decades, however, ball milling and adding 
additives has been recognized as two major paths to improve the kinetics of magnesium 
hydrides [25, 46, 61].  
As the most widely accepted method to prepare magnesium hydrides, ball milling was 
proved to be effective in facilitating the hydrogenation kinetics of magnesium hydrides [48, 
103], which could possibly alter the mechanism of hydrogenation as a result. According to 
the literature, the hydrogenation kinetics study of pure magnesium hydrides dated back to 
1955, when Ellinger et al. [101] concluded it obeyed the second order rule. Later Kennelley 
et al. [37] claimed that the hydrogenation of pure magnesium is a first order reaction. In 
1976, Stander [102] reported the process was initially controlled by a surface reaction then 





preparation, Huot et al. contended that diffusion was the only control step for 
hydrogenation of magnesium hydrides [48]. 
Adding a catalyst could considerably improve the hydrogenation kinetics of 
magnesium hydride as well [46, 57-59], which in return, might change the hydrogenation 
mechanism. Lu et al. [26] found the first order rate law can best describe the hydrogenation 
kinetics of ball-milled magnesium with TiH2 as catalyst, and the calculated activation 
energy was 16.4 kJ/mol H2. Zhou et al. [25] compared the effect of Ti-base intermetallic 
compounds on the hydrogenation kinetics of ball-milled magnesium hydrides; the 
calculated activation energy varied from 20.6-25.5 kJ/mol H2 using the Johnson-Mehl-
Avrami (JMA) model. Tan et al. [60] prepared thin film magnesium hydride with Nb-V 
alloys as catalyst, and suggested to interpret the hydrogenation kinetics as a two-stage 
procedure using the JMA rate law. Barkhordarian et al. [103] concluded that the 
hydrogenation of Nb2O5 catalyst magnesium hydrides was controlled by diffusion, after 
fitting the kinetics data with different kinetics models. 
Moreover, few kinetic studies of magnesium hydrides were based on isothermal 
condition. Due to the self-heating phenomenon, it was very difficult to maintain an 
isothermal condition during hydrogenation of magnesium hydrides [28, 97]. Caused by the 
inherent high enthalpy and low thermal conductivity of magnesium hydrides, self-heating 
occurs as a sample is heated up by the released reaction heat during an exothermic reaction. 
Temperature would increase considerably during hydrogenation, especially for materials 
that have excellent kinetics and those scaled-up magnesium hydrides tanks [28]. To some 
extent, self-heating is favored in practical application, because it can start and accelerate 





to unreliable kinetics analysis [98, 99, 112]. Recently, Li et al. [120] used expandable 
graphite as thermal ballast to absorb excessive reaction heat and facilitate heat transfer, 
which was effective in minimizing the self-heating phenomenon and thus allows for more 
accurate kinetics analysis.  
In this chapter, various milling parameters and different catalysts were used to prepare 
ball-milled magnesium hydrides, of which hydrogenation kinetics has been examined, as 
well as other properties such as grain size, surface area, phase composition, and 
morphology. Different models were further employed to understand the mechanism of 
hydrogenation, as well as how hydrogenation was affected by grain size and hydrogenation 
condition. In the following section, all of the kinetics studies were conducted under 
isothermal conditions as described in Chapter 5. 
 
6.2 Experimental Details 
MgH2 and TiH2 were used as received, while TiMn2 and 75V-5Ti-20Cr were activated 
before using. The thermal ballast, graphite, had gone through a degassing procedure before 
being mixed with ball-milled magnesium hydrides. See Table 8 and section 0 for more 
detailed information of materials used in this chapter. The mixture of magnesium hydrides 
with/without catalyst was milled via a custom-made ultrahigh-energy-high-pressure 
(UHEHP) ball milling device under a 150 bar hydrogen pressure. Samples milled with 
different milling parameters and catalysts were prepared and listed below; see Table 12. 
After milling, magnesium hydrides with/without catalyst were mixed by hand for 30 min, 
using ten times more expandable graphite by weight (i.e., the ratio of the expandable 








Table 12. Sample preparation parameters. 
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conducted inside or sealed before taken out from the glovebox, which is filled with argon 
(99.999 %) and contains less than 1 ppm oxygen and moisture inside, in order to minimize 
contamination. 
The hydrogenation kinetics measurement was performed on a commercial Sieverts 
type apparatus (PCTPro-2000). See Figure 4 for the detailed sample cell configuration. It 
should be noted that sample had gone through three hydrogenation/dehydrogenation cycles 
to eliminate the residual stress caused by the milling process. The influence of driving force 
during hydrogenation, especially at higher hydrogenation temperature, has been corrected 
using a normalized pressure dependence method (NPDM) put forward by Ron in 1999 [96]. 
Phase analysis was carried out using high-energy X-ray diffraction (XRD) in Advanced 
Photon Source (APS), Argonne National Laboratory. Grain size and strain analysis based 
on the X-ray diffraction was performed using the Williamson-Hall equation. Specific 
surface area was measured using a TriStar 3020 surface area analyzer with nitrogen gas 
and was analyzed using BET theory. Iron content was detected using an Agilent 7500ce 
Inductively Coupled Plasma Mass Spectroscopy. Particle microscopy was examined using 
a JEOL 2010 LaB6 Transmission Electron Microscope (TEM) and grain size was 
calculated via dark field images.  
 
6.3 Results 
6.3.1 Grain Size 
Ball milling is the major sample preparation process in this work. Thus the parameter 
of balling milling could have a significant effect on the material properties, such as grain 





including milling time, milling load, ball to sample ratio, rotating speed, etc. In this session, 
we will mainly focus on the effect of milling load and milling time on hydrogenation 
kinetics. 
Grain size could be calculated based on the peak broadening of the X-ray diffraction 
patterns using Williamson-Hall equation, Eq. 8, which is described earlier in section 4.2.2. 
See Figure 14 as an example for the grain size calculation, where FW(θ)*Cos(θ) was 
plotted against Sin(θ). The grain size could be calculated via the intercept of the 
Williamson-Hall plot, according to the Williamson-Hall equation, Eq. 8. More data 
regarding peak fitting and FW(θ) used in calculation are attached in Appendix C. See 
Figure 15 and Table 13 for the calculated grain size of each sample.  
By comparing the calculated grain size of pure MgH2 (open triangle), MgH2-TiH2 
(solid square), MgH2-TiMn2 (open circle), and MgH2-VTiCr (solid triangle), an obvious 
trend shows that sample milled for a longer amount of time has smaller grain size. 
Moreover, the grain size of MgH2-TiH2, MgH2-TiMn2, and MgH2-VTiCr are smaller than 
that of pure MgH2 milled for the same amount of time, except for one data point, MgH2-
VTiCr milled for 6 h, of which the grain size is slightly bigger than that of pure MgH2. This 
comparison indicates that additives (TiH2, TiMn2, and VTiCr in this work) might serve as 
a milling aid and assist in reducing grain size of MgH2.  
Grain size was also analyzed via the TEM dark field image; Figure 16. Most of the 
Mg and TiH2 (and MgO) diffraction rings are in very close proximity, or even overlap, and 
cannot be isolated using an objective aperture to form dark-field images. The primary rings 
of each, for example, cannot be used. Mg (102) is the strongest Mg diffraction ring that 
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Table 14. Grain size of MgH2-TiH2 samples #8-10 calculated by XRD and TEM method. 
  
Grain size (nm) #10 #9 #8 #10:#9:#8 
XRD 12.5 11.9 7.8 1.6:1.5:1 





grain size of samples milled with different milling load, sample #8-10. The grain sizes of 
sample #8-10 obtained via XRD and TEM do not match in value, which is 12.5, 11.9, and 
7.8 nm from XRD and 21.5, 19.5, and 13.5 nm from TEM, respectively. However, these 
two sets of grain size are consistent in portion, which is 1.6:1.5:1 via XRD and 1.6:1.4:1 
via TEM. It is understandable that the deviation in actual value of the grain size could 
possibly stem from the machine configuration, analysis standard error, and data processing. 
However, with the same experimental and analysis method (XRD or TEM), the relative 
portion of grain size for different samples should be consistent. Therefore, the author tends 
to believe the distribution of grain size for these three samples, sample #8-10, is reliable. 
 
6.3.2 Specific Surface Area 
The specific surface area of sample #1-10, 12, and 15 is shown in Figure 17. 
Compared to a 0.5 m2/g specific surface area of as-received powders, half-hour milling 
created a much higher specific surface area of 8.8 m2/g. As milling time increases, the 
specific surface area of the milled powder will continue to increase and reach a maximum 
value (9.8 m2/g for pure MgH2 milled for 4 h and 10.1 m
2/g for MgH2-TiH2 milled for 2 h) 
and then gradually decrease. A speculation is that milling will, on one hand, break the large 
particles into smaller ones of the as-received materials; thus, it has an effect of increasing 
the specific surface area. On the other hand, it will press particles together and causes 
agglomeration; thus, it has an effect of reducing the specific surface area. When there is a 
bigger portion of large particles, the breaking effect dominates and the specific surface area 
will increase as milling time increases. Until a certain point that the breaking effect is 












Figure 17. Specific surface area of magnesium hydrides with different processing 





area. After that, the pressing effect dominates and larger particles of agglomeration will 
form, reflected as a decreasing specific surface area as milling time increases. From the 
comparison of specific surface area shown in Figure 17, adding TiH2 caused sample to 
reach maximum specific surface area in 2 h, compared to 4 h for pure magnesium hydrides. 
In addition, adding catalyst did not show a certain effect on the specific surface area, as we 
compare the specific surface area of pure MgH2, MgH2-TiH2, MgH2-TiMn2, and MgH2-
VTiCr milled for the same amount of time. 
 
6.3.3 Phase Composition Analysis 
The X-ray diffraction pattern was obtained for the pure MgH2 and MgH2-TiH2 milled 
with different length of time as well; see Figure 18 and Figure 19. Besides the most stable 
phase of magnesium hydrides, β MgH2, there is a certain amount of γ MgH2 in the as-
milled powder, even for the sample milled for only half an hour. For both pure MgH2 and 
MgH2-TiH2, as milling time increases, the relative peak intensity of γ MgH2 increases in 
comparison with β MgH2, indicating the longer milling time could lead to a higher γ MgH2 
content in the as-milled powder. Moreover, the peak broadening increases as milling time 
is extended, implying that the longer the milling time, the more amorphous the as-milled 
powder. In addition, a small peak of iron is identified in the X-ray diffraction pattern, 
suggesting that a certain amount of iron might exist in the as-milled sample, which is 
consistent with the ICP test and will be discussed latter in section 6.4.3. 
See Figure 20 for the X-ray diffraction pattern of sample #8-10 milled with different 
milling load. Regarding the relative intensity, the X-ray pattern of these three samples is 













































This indicates that changing the milling load will not have an obvious effect on the phase 
composition. 
The X-ray diffraction pattern of magnesium hydrides with/without different catalysts 
was compared; see Figure 21. There is not much difference for the X-ray diffraction pattern 
after adding TiMn2 and VTiCr catalyst. It could be: a) only 5 mol.% TiMn2 and VTiCr 
were added and b) the three strongest diffraction peaks are not prominent compared to other 
diffraction peaks for TiMn2 and VTiCr. However, in the X-ray diffraction pattern of MgH2-
TiH2, there is a significant TiH2 peak at 2.4º and 4.2º compared to that of pure MgH2. 
 
6.3.4 Morphology 
The microstructure of these three different samples, sample #8-10, has been 
examined via transmission electron microscopy (TEM); see Figure 22. The darker part in 
the images is TiH2 additive while the brighter area is MgH2. For sample #8, the TiH2 
additive was reduced to a size of ca. 2-3 nm and dispersed uniformly in magnesium hydride 
particle; Figure 22 (a). However, for sample #9, the size for the TiH2 additive is much 
larger, ca. 60-100 nm and agglomerated together in the magnesium hydride particle; Figure 
22 (b). Such agglomeration is even more serious for sample #10, with the 15 g milling 
load; Figure 22 (c). As shown in section 6.3.5.1, sample #8 has the best room temperature 
hydrogenation kinetics as well as the best cycle ability after 5 hydrogenation  and 
dehydrogenation cycles, followed by sample #9, and then sample #10. This implies that 
the particle size as well as particle distribution of catalyst could possibly have an effect on 
the hydrogenation kinetics of magnesium hydrides. In addition, sample #8 has the smallest 




























Figure 22. TEM images of MgH2-TiH2 with different grain size, a) sample #8; b) sample 





6.3.5 Hydrogenation Kinetics 
6.3.5.1 Effect of grain size 
Pure MgH2 was milled for different lengths of time, 0.5, 2, 4, and 6 h, as sample #1-
4, and the same for MgH2-0.1TiH2 as sample #5-8. Temperature deviations were within 
1.5 ºC for each sample during hydrogenation at different temperatures, indicating the 
hydrogenation was maintained isothermal or at least quasi-isothermal. 
See Figure 23 for the hydrogenation of pure magnesium hydrides, sample #1-4. When 
hydrogenated at either 150 or 200 ºC, sample #1 was slowest in absorbing hydrogen. As 
discussed in section 6.3.1, the grain size of these three samples are #1>#2>#3>#4. 
Moreover, sample #1-3 cannot uptake hydrogen in a test temperature lower than 150 ºC. 
In comparison, sample #4, which has the smallest grain size among samples #1-4, can 
absorb hydrogen as low as 60 ºC. This implies that magnesium hydrides with smaller grain 
size tend to have superior hydrogenation rate. 
For MgH2-TiH2, sample #5-8, of which grain size follows an order of #5>#6>#7>#8, 
the relationship of grain size and hydrogenation rate was slightly different; see Figure 24. 
At room temperature, sample #8 had the best hydrogenation rate, followed by sample #7, 
then sample #6, while sample #5 cannot even uptake hydrogen at room temperature. As 
hydrogenation temperature increased (60 ºC or above), during the initial hydrogenation 
stage, the hydrogenation rate follows a sequence of #8>#7>#6>#5, the same as in room 
temperature hydrogenation. However, after the initial hydrogenation stage, sample #6 
absorbed more hydrogen than sample #7 when hydrogenated at 60 ºC. Moreover, sample 
#5 absorbed more hydrogen than the other three samples (sample # 6, 7, and 8) at 150 ºC. 













Figure 23. Hydrogenation of pure MgH2 with different grain size, sample #1-4, at a) 150 












(a) (b)  
(c) (d)  
Figure 24. Hydrogenation of MgH2-TiH2 with different grain size, sample #5-8, at a) 





rate in low-temperature hydrogenation or in the initial stage of high-temperature 
hydrogenation, while in the later stage of high-temperature hydrogenation, it falls behind 
sample with larger grain size. 
See Figure 25 for the comparison of hydrogenation kinetics at different temperatures 
of sample #8-10. The hydrogenation tests were conducted under various temperatures 
following a sequence of: room temperature, 60 ºC, 100 ºC, 150 ºC, 200 ºC, and then room 
temperature hydrogenation again. In addition, hydrogenation was maintained under 
isothermal or at least quasi-isothermal condition during all the hydrogenation tests. 
For hydrogenation at lower temperature (room temperature and 60 ºC), sample #8 
showed the best absorption rate, followed by sample #9, and then sample #10. As 
hydrogenation temperature increased (100, 150, and 200 ºC), sample #8 still held the fastest 
hydrogenation rate in the initial hydrogenation stage, as shown in Figure 25 (c)-(e). 
However, at the end of the 1 h hydrogenation, sample #8 cannot absorb as much hydrogen 
as sample #9 and #10.  
The repeatability of good room temperature kinetics is also one of the main concerns 
in hydrogenation kinetics as low temperature absorption, especially room temperature 
absorption, allows for easier operation and less energy consumption. See Figure 25 (a) for 
the comparison of the 1st and 6th room temperature hydrogenation kinetics. After 5 
hydrogenation/dehydrogenation cycles, sample #8 gained improved kinetic rate, and 
sample #9 maintained almost the same kinetic rate, while sample #10 suffered from an 
approximately 1/3 (0.5 wt.%) reduction in absorbed hydrogen at the end of the 1 h 
hydrogenation. In regard to the degradation of room temperature hydrogenation, sample 












Figure 25. Hydrogenation of MgH2-TiH2 samples #8-10 at a) room temperature; b) 60 ºC; 






rate. However, future characterization of cycle ability based on more cycles is necessary to 
further verify this result. 
 
6.3.5.2 Effect of Catalyst 
In this section, three different catalysts, 10 mol.% TiH2, 5 mol.% TiMn2, and 5 mol.% 
VTiCr, have been added to magnesium hydrides and milled for the same amount of time, 
4 h, as sample #7, 12, and 15, respectively. Note that hydrogenation was maintained 
isothermal or at least quasi-isothermal. 
Adding catalyst considerably improved the hydrogenation kinetics; see Figure 26. 
Before adding catalyst, pure MgH2 milled for 4 h, sample #3, cannot uptake hydrogen 
unless temperature was raised to 150 ºC; Figure 26 (c). However, room temperature 
hydrogenation of magnesium hydrides was made possible via adding TiH2, TiMn2, or 
VTiCr as catalyst; Figure 26 (a). Even though the hydrogenation rate of pure MgH2, sample 
#3, was largely improved via raising temperature from 150 to 200 ºC, MgH2-TiH2, sample 
#7, still absorbed ca. 1 wt.% more hydrogen than pure MgH2, sample #3; Figure 26 (d).  
In regard to the effect of these three catalysts, TiH2, TiMn2, and VTiCr, all of them 
were effective in improving the hydrogenation kinetics of MgH2. At room temperature, the 
hydrogenation rate was almost the same for MgH2 with different catalysts: in the end of 
the 1 h hydrogenation, MgH2-TiMn2 absorbed 1.86 wt.% hydrogen, MgH2-TiH2 1.80 wt.%, 
and MgH2-VTiCr 1.6 wt.%. When hydrogenation occurred in 100 ºC, the hydrogenation 
rate for the three samples is still very close, and all of them are fast in the initial 
hydrogenation stage, but slightly varies in a sequence of TiMn2>VTiCr>TiH2. As 

















(c) (d)  
Figure 26. Comparison of hydrogenation kinetics of magnesium hydrides with three 
different catalysts at a) room temperature; b) 100 ºC; and c) 150 ºC as well as d) pure 









TiMn2>VTiCr>TiH2 during the initial hydrogenation stage. However, in the later 
hydrogenation stage, the hydrogenation curve of MgH2-VTiCr, sample #15, leveled off, 
while MgH2-TiH2, sample #7, as well as MgH2-TiMn2, sample #12, kept absorbing 
hydrogen with a relatively slow rate.  
 
6.3.5.3 Effect of Temperature  
Temperature is certainly an important factor in hydrogenation, as discussed in section 
5.3.3. See Figure 27 for the temperature effects of pure MgH2 (sample #3) and MgH2-TiH2 
(sample #7). Note that both samples were milled for 4 h and all the hydrogenation tests 
were maintained isothermal or at least quasi-isothermal. 
The pure magnesium cannot absorb hydrogen until temperature was raised to 150 ºC, 
at which sample picked up 2.1 wt.% hydrogen; see Figure 27 (a). As temperature further 
increased, sample absorbed 1.8 wt.% more hydrogen at 200 ºC, and even 4.8 wt.% more at 
250 ºC. Represented by the slope of the curve, the rate of hydrogenation for pure MgH2 
appeared as a gradually decreasing variable, showing that the hydrogenation rate was 
gradually decreasing as hydrogenation proceeded. Moreover, if allowed for a longer time, 
sample will slowly absorb to the maximum value of hydrogen, i.e., the hydrogen capacity 
of the material.  
However, for magnesium with TiH2, the rate of hydrogenation was fast in the initial 
stage and then sharply turned to a much smaller value, especially for the high-temperature 
hydrogenation; see Figure 27 (b). By adding TiH2, magnesium hydride can absorb 
hydrogen at room temperature, much lower than the 150 ºC of pure MgH2. In the end of 












Figure 27. Comparison of hydrogenation kinetics at different temperatures of a) pure 





60, 100, 150, and 200 ºC, respectively. 
 
6.3.5.4 Effect of Pressure 
In this section, sample #7, MgH2-0.1TiH2 milled for 4 h, was selected and tested under 
different hydrogen pressures, 0.5, 1, and 10 bar, in a temperature range from room 
temperature to 150 ºC; see Figure 28. At lower temperature (room temperature and 60 ºC), 
higher hydrogen pressure facilitated the hydrogenation process, while at higher 
temperature, especially 150 ºC, hydrogenation under 10 bar H2 pressure still had the best 
hydrogenation rate in the initial hydrogenation stage. However, in the later hydrogenation 
stage, the 10-bar hydrogenation became very slow afterward and could not absorb as much 




In order to find the most appropriate kinetic model to describe the hydrogenation 
kinetics of materials studied in this work, different models have been applied to interpret 
the hydrogenation kinetic data, including P1 power law, E1 exponential law, Johnson-
Mehl-Avrami (JMA), B1 Prout-Tompkins, Jander diffusion model (JMD), 1-D diffusion 
model, 2-D diffusion model (Bidmensional particle shape), 3-D diffusion model (Ginsling-
Braunshteinn model), 2-D contracting area model, 3-D contracting volume model, F1 first 
order, F2 second order, and F3 third order. See Table 5 for more details of each model. It 
should be noted that temperature during the hydrogenation process was kept near 
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Figure 28. Hydrogenation kinetics of MgH2-0.1TiH2 4 h under different pressures at a) 





pressure dependence method (NPDM) put forward by Ron in 1999 [96], a method that 
introduced pressure dependence factor F(P)=|Peq-P|/P, which combines with the rate 
equation in a way as f(ξ)=ktF(P), to offset the effect of pressure variation. See Table 15 for 
the modified equation after applying the NPDM method, where f(ξ) stands for the left side 
of the rate equation, the right side of which is the product of rate constant k and reaction 
time t. 
Among various models, the Johnson-Mehl-Avrami (JMA) model works best to 
describe the hydrogenation behavior at different temperatures. See Figure 29 (a) and (c) for 
the JMA model fitting of hydrogenation kinetics of pure MgH2 and MgH2-0.1TiH2 milled 
for 4 h (sample #3 and 7), respectively. For both samples, the JMA plot appears as 
satisfactory linear lines for hydrogenation at each temperature. It should be noted that the 
P1 power law was found in good consistency with the hydrogenation kinetics. An example 
of the P1 power law fitting is presented in Appendix D. However, this model is merely a 
numerical one without any indication of inherent physical mechanism. Therefore, no 
further discussion will be presented in this work regarding the P1 power law. 
Except for the JMA model, another model, the JMD model, could partially describe 
the hydrogenation kinetics of pure MgH2 as well; see Figure 29 (b). For hydrogenation at 
150 and 200 ºC, the JMD model can linearly fit the kinetics data, indicating that diffusion 
could be the possible mechanism during hydrogenation for this certain sample at 
hydrogenation temperature not higher than 200 ºC. However, when hydrogenation 
temperature was raised to 250 ºC, the JMD model fitting deviates from a linear line, 








Table 15. Summary of the rate equation after appling the NPDM method. 
Rate laws Original equation Equation Applied NPDM 
P1 power ξ1/n=kt F(P)-1ξ1/n=kt 
E1 exponential ln(ξ)=kt F(P)-1ln(ξ)=kt 
Johnson-Mehl-Avrami 
(JMA) 
ln(-ln(1- ξ))=ln(k)+nln(t) ln(-ln(1- ξ))=ln(k)+nln(t/F(P)) 
B1 Prout-Tompkins ln(ξ /(1- ξ))=kt F(P)
-1ln(ξ /(1- ξ))=kt 
Jander diffusion model 
(JMD) 
(1-(1- ξ)1/3)2=kt F(P)
-1 (1-(1- ξ)1/3)2=kt 





(1- ξ)ln(1- ξ) + ξ =kt F(P)






2-D contracting area 1-(1- ξ)1/2=kt F(P)
-1(1-(1- ξ)1/2)=kt 
3-D contracting volume 1-(1- ξ)1/3=kt F(P)
-1(1-(1- ξ)1/3)=kt 
F1 first order -ln(1- ξ)=kt - F(P)
-1ln(1- ξ)=kt 
F2 second order 1/(1- ξ)=kt F(P)
-11/((1- ξ)=kt 












(a) (b)  
 (c)  (d)  
Figure 29. The hydrogenation of pure MgH2 milled for 4 h fit by a) JMA model and b) 
JMD model, as well as the hydrogenation kinetics of MgH2-0.1TiH2 milled for 4 h fit by 





factor during the hydrogenation process. See Figure 30 for JMD kinetics modeling of other 
pure MgH2 samples milled for 0.5, 2, and 6 h, sample #1, 2, and 4. For sample #1, pure 
MgH2 milled for 0.5 h, the JMD model has high consistency with the kinetic data of 
hydrogenation in a temperature range of 150-250 ºC. However, for sample #2, pure MgH2 
milled for 2 h, the JMD model works well in describing the hydrogenation kinetics at 200 
and 250 ºC, but is not suitable for the hydrogenation at the higher temperature, 300 ºC. For 
sample #4, pure MgH2 milled for 6 h, the same tendency appears where the JMD model 
could fit the kinetic data of hydrogenation at lower temperatures, 60 and 100 ºC, but failed 
for the hydrogenation at higher temperatures, 150 and 200 ºC. The consistency of the JMD 
model with the kinetic data of low-temperature hydrogenation of pure MgH2 implies that 
at lower temperatures, hydrogenation of MgH2 could possibly be controlled by diffusion, 
which will be discussed later in section 6.4.2 as well. 
In comparison with pure MgH2, MgH2-TiH2 cannot be fit by the JMD model anyway. 
See Figure 29 (d) for the JMD model fitting of the hydrogenation kinetics of MgH2-0.1TiH2 
milled for 4 h, sample #7, where the model fitting is a concave curve for hydrogenation 
under different temperatures from room temperature to 200 ºC. In addition, none of the 
JMD model fitting for other MgH2-TiH2 samples, sample #5, 6, and 8, is linear, as shown 
in Appendix D. This implies that the JMD model is not suitable in describing the 
hydrogenation kinetics of such material.  
Other modeling details are given in Appendix D. 
Activation energy of hydrogenation was calculated using the Arrhenius Equation; see 
Eq. 6. By plotting ln(k), obtained based on the JMA model, against the reverse of 

















See Figure 31 for the Arrhenius plots of various samples, sample #1-10, 12, and 15. Exact 
values of the calculated activation energies are shown in Table 16-18. 
See Figure 31 (b) and Figure 31 (c) for the Arrhenius plot of pure MgH2 and  
MgH2-TiH2, respectively. For pure MgH2 samples, sample #1-4, sample #1 has the sharpest 
slope in the Arrhenius plot, followed by sample #2, #3, and #4. Thus, sample #1 has the 
biggest activation energy, followed by sample #2, #3, and #4. As discussed in section 6.3.1, 
the grain size of sample #1-4 follows a trend of #1>#2>#3>#4. This implies that pure MgH2 
with a larger grain size has bigger activation energy of hydrogenation. For MgH2-TiH2, 
sample #5-8, the same trend shows that MgH2-TiH2 sample with a smaller grain size has 
smaller activation energy for hydrogenation. See Table 16 for the calculated activation 
energy of hydrogenation for pure MgH2 and MgH2-TiH2.  
See Figure 31 (a) for the Arrhenius plot of sample #8-10. The activation energy of 
hydrogenation for sample #10 is 33.3 kJ/mol H2, which is 5.8 and 9.2 kJ/mol H2 higher 
than those of samples #8 and 7, respectively. See Table 17 for the calculated activation 
energy of hydrogenation for sample #8-10. As discussed in section 6.3.1, grain size of these 
three samples are #8<#9<#10. This result again supports the conclusion that sample with 
smaller grain size will have smaller activation energy of hydrogenation. 
In terms of the effect of catalyst on the activation energy, the activation energy of 
hydrogenation for MgH2-TiH2 (sample #7), MgH2-TiMn2 (sample #12) and MgH2-VTiCr 
(sample #15) turns out to be very close, which is 24.2 (MgH2-TiH2), 22.6 (MgH2-TiMn2), 
and 24.7 (MgH2-VTiCr) kJ/mol H2; see Figure 31 (d) and Table 16. In addition, the 
activation energies of MgH2 with catalyst are much smaller compared to that for the pure 









Figure 31. The calculation of activation energy of hydrogenation of MgH2 prepared with 
different a) milling load (with TiH2); b) milling time; c) milling time (with TiH2); d) 





Table 16. Calculated activation energy of magnesium hydrides with different processing 
variables and catalysts. 
 
Table 17. Calculated activation energy of samples milled with different milling load. 
Sample No. Milling load (g) Activation energy (kJ/mol H2) 
8 3 24.2 
9 10 27.6 
10 15 33.3 
 
Table 18. Calculated activation energy under three different pressures, magnesium 
hydride with TiH2 additive milled for 4 h. 
Sample No. Pressure (bar) Activation energy (kJ/mol H2) 
 10 24.2 
7 1 25.3 
 0.5 24.6 
  
Milling time 
Activation energy (kJ/mol H2) 
Pure MgH2 MgH2-0.1TiH2 VTiCr TiMn2 
0.5 92.0 52.3   
2 90.8 46.4   
4 54.3 24.2 24.7 22.6 





that adding catalyst helps to reduce the activation energy of hydrogenation for magnesium 
hydride. 
Activation energy of hydrogenation was also calculated based on hydrogenation tests 
under three different pressures (10, 1, and 0.5 bar). As discussed above in section 6.3.5.4, 
pressure will have an effect on the hydrogenation rate of MgH2-0.1TiH2. However, the 
activation energy of hydrogenation stays the same based on the kinetics data obtained under 
three different hydrogenation pressures; see Figure 31 (e) and Table 18. This implies that 
hydrogenation pressure, at least in the range of 0.5-10 bar, will not change the activation 
energy of magnesium hydride. 
 
6.4.2 The Possible Mechanism 
The activation energies for hydrogen diffusion in magnesium and magnesium hydride 
have been reported to be 40 kJ/mol H2 and 98-166 kJ/mol H2, respectively [61, 121]. As 
listed in Table 16, all the values of the calculated activation energy of hydrogenation are 
above 40 kJ/mol H2 for sample #1-4 (pure MgH2 milled for 0.5, 2, 4, and 6 h), which is 
92.0, 90.8, 54.3, and 41.6 kJ/mol H2, respectively. This indicates that diffusion could 
possibly be the rate-limiting step during hydrogenation for sample #1-4. Additionally, as 
discussed in section 6.4.1, the low-temperature hydrogenation kinetic data of sample #1-4 
is in high consistency with the JMD model, Figure 30, which indicates that the 
hydrogenation of pure MgH2 at lower temperature could possibly be controlled by diffusion.  
However, different from that for pure MgH2, the hydrogenation is not limited by 
diffusion for sample #5 and #6 (MgH2-0.1TiH2 milled for 0.5 and 2 h). Even though the 





diffusion, the hydrogenation kinetic data of these two samples cannot be fit by any model 
based on the diffusion mechanism, such as the JMD, 1-, 2-, and 3-D diffusion models. 
Moreover, sample #1 and #5 as well as sample #2 and #6 were compared, of which two 
samples were milled for the same amount of time. It is found that for pure MgH2, the 
mechanism of hydrogenation could be diffusion as discussed above, while after adding 10 
mol.% TiH2 as catalyst, diffusion is no longer the rate-limiting step. In other words, TiH2 
catalyst might assist in the diffusion process during hydrogenation. Similar conclusion 
could be obtained for two other catalysts, TiMn2 and VTiCr. As Corey et al. have reported, 
adding additive Nb2O5, another good catalyst for MgH2, allows for a higher H diffusion 
rate for MgH2 [121]. 
In addition, when combining the calculated results of activation energy and grain size, 
Figure 32, a relationship could be found that the bigger the grain size is, the bigger the 
activation energy is. Yao et al. investigated the grain size effect on hydrogenation kinetics 
of MgH2, based on the assumption that hydrogenation of MgH2 was controlled by diffusion 
[104]. Yao contended that smaller grain size allows for a faster hydrogen diffusion rate, and 
MgH2 of smaller grain size can uptake more hydrogen at lower temperature than that of 
larger grain size at higher temperature. In this work, if diffusion is the control step in the 
initial hydrogenation, the results of calculated grain size and modeling could be connected 
in a reasonable way.  
First, assume diffusion is the control step for the initial stage of hydrogenation. For 
pure MgH2, (sample #1-4), as milling time increases, the grain size of MgH2 reduces 
gradually, allowing for better rate of hydrogen diffusion, thus, better hydrogenation kinetics 



















diffusion will increase exponentially [121]. For MgH2 of certain grain size, when 
temperature reaches a certain value, diffusion is rapid enough and becomes less of or no 
longer the control step, which could explain the discrepancy of JMD model fitting of low-
temperature and high-temperature hydrogenation of pure MgH2.  
For MgH2-TiH2, on one hand, adding TiH2 helps to reduce the grain size of MgH2, 
allowing for fast hydrogenation kinetics. On the other hand, TiH2 assists in the diffusion 
process as well, despite its effect on grain size. With two ways of improving the diffusion 
process, TiH2 facilitates the diffusion rate of H2 considerably and diffusion becomes less 
of or no longer the control step of hydrogenation, reducing the activation energy of MgH2 
hydrogenation considerably. TiMn2 and VTiCr also have similar effect on the 
hydrogenation kinetics of MgH2.  
Admittedly, there could be other possible factors affecting the hydrogenation of MgH2. 
Even though it follows certain trends regarding milling parameters and catalyst, the 
discrepancies of grain size of each sample are at most a couple of nanometers; see Table 
13. The results of specific surface area, Figure 17, are not in consistency with the 
hydrogenation behavior, as discussed in section 6.3.5. Defects could be another possible 
factor that helps with the diffusion during hydrogenation, that the increasing milling time 
will raise the density of defects, creating a different path for diffusion other than grain 
boundaries. However, when the residual strain was examined, there is no obvious trend 
regarding milling parameters or adding catalyst, of which more details are given in the 
Appendix C. So far, grain size is the only factor that correlates with the hydrogenation 






6.4.3 The Influence of Fe Contamination 
According to the literature [47, 71, 75, 122], iron and related compounds have been 
studied previously as catalyst. Even though not as good as other catalyst, such as V, Ti, 8 
at.% Fe is able to improve the dehydrogenation considerably, reported by Liang et al. [71] 
According to Bassetti et al., as low as 2 wt.% Fe could lead to ca. 5 wt.% more hydrogen 
release during dehydrogenation at 300 ºC [47]. As detected in X-ray diffraction patterns 
Figure 18 – Figure 21, there is certain amount of iron in the as-milled powder. It is 
understandable because the milling canister and milling balls were made from 316 Stainless 
Steel. It is highly possible that the collision and friction during milling would scrape down 
some stainless steel scratches, introducing certain iron content. Huot et al. detected 0.13 
wt.% iron in their ball-milled magnesium hydride, but they believed such a small amount 
of contamination would not affect the kinetics of magnesium hydrides [48]. 
The validation of the results and discuss above should be questioned if iron had a 
significant effect on the hydrogenation kinetics in this work. In order to clarify this issue, 
first, iron content level in selected samples was measured; then, the hydrogenation kinetics 
were compared to determine how important a role, if any, did iron serve in this case.  
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) was employed to examine 
the iron content in the ball-milled powders. The processing variables that could possibly 
affect the level of iron content were milling load, milling time, and catalyst. To verify the 
effect of iron content on the hydrogenation kinetics in this work, six samples with different 
milling load, milling time, and catalyst were chosen, of which the iron content was listed 












Table 19. Iron content of selected samples. 
Sample No. Sample condition Iron content (ppm) 
2 Pure MgH2 2 h 5622 
4 Pure MgH2 6 h 22260 
6 MgH2-0.1 TiH2 2 h 5028 
8 MgH2-0.1 TiH2 6 h 19403 
9 MgH2-0.1TiH2 6 h 10 g 2367 







Smaller milling load leads to bigger iron content. When milling load was increased 
from 3 g to 15 g (#8-10), the iron content was reduced by a factor of 13. Moreover, longer 
milling time would introduce more iron content as well. After comparing sample #2&4 and 
sample #6&8, it is obvious that an increase of milling time from 2 h to 6 h will lead to a ca. 
4-times augment in iron content. However, adding TiH2 did not have an apparent influence 
on the iron content, concluded by comparing sample #2&6 and #4&8. 
Combining the conclusion above and the discussion in section 6.3, it is clear that a 
smaller milling load and longer milling time are responsible for the higher iron content, 
two factors which could cause smaller grain size, thus faster hydrogenation rate as well, as 
we discussed in section 6.3.5. In order to clarify the question of whether iron is assisting 
the hydrogenation process, the hydrogenation kinetics of sample #6&9 was further 
compared; see Figure 33. Sample #6 and #9 have the same chemical composition, and the 
iron content of sample #9 is half of that of sample #6. If iron content was playing a 
significant role in hydrogenation, then sample #6 should have better hydrogenation kinetics. 
However, the results showed the opposite. As in Figure 33, sample #9 could pick up 
hydrogen faster, especially at higher temperatures. This indicates that iron content is not a 
primary factor affecting the hydrogenation kinetics of MgH2 in this work.  
 
6.5 Summary 
The hydrogenation kinetics of magnesium hydrides was studied under isothermal 












(c) (d)  
Figure 33. Comparison of hydrogenation kinetics of sample #6 and #9 at a) room 





1. Longer milling time, smaller milling load, and adding appropriate catalyst helps 
reduce the grain size of magnesium hydride, thus facilitating hydrogenation of 
magnesium hydrides, and reducing the activation energy of hydrogenation as well; 
2. Higher hydrogenation pressure favors faster hydrogenation, but will not affect the 
activation energy of hydrogenation; 
3. The hydrogenation kinetics of MgH2 with/without catalyst can be numerically 
described by the JMA model; 
4. The JMD model has high consistency with kinetic data of low-temperature 
hydrogenation of pure magnesium hydrides; 
5. Diffusion could be the control step for low-temperature hydrogenation of magnesium 
hydride with relatively large grain size. However, as temperature increases or adding 
appropriate catalysts, diffusion could be overcome and no longer the control step for 










ENERGY DENSITY CALCULATION 
 
The energy density of common thermal storage materials was calculated in this work, 
as shown in Figure 2. For metal hydrides, the gravimetric energy density was calculated as 
shown in Eq. 12, where Dm is the gravimetric energy density, 
2H
n  is the mole number of 
hydrogen, m and ΔH are the mass and formation enthalpy of metal hydrides, respectively. 
2H
n  could be expressed via the participation of hydrogenation capacity, 
2H
w , as shown in 
Eq. 13, where 
2H
M  is the molar mass. Then the gravimetric energy density could be 
described as Eq. 14. Likewise, the volumetric energy density Dv is defined as in Eq. 15, 
where V is the volume of metal hydrides. The volume of the single metal hydride system 
consists of the volume of metal hydride and hydrogen gas, Eq. 16, where the volume of 
metal hydrides is negligible when compared to the volume of hydrogen gas, 
2H
V , which 
could be calculated via Eq. 17 [123]. 
The energy density calculation of paired metal hydrides, which consist of one high-
temperature (HT) hydride and one low-temperature (LT) hydride, is slightly different. 
Assume the 1m  and 2m  is the mass of HT hydride and LT hydride, 1,2Hw  and 2，2Hw  are the 
hydrogen capacity of HT hydride and LT hydride, respectively. The amount of hydrogen 





2m  could be expressed by Eq. 19 and the mole number of hydrogen gas can be described 
as in Eq. 20. As for a closed system, the hydrogen circulating between HT hydride and LT 
hydride is restricted in the system, which is small compared to the volume of metal hydrides. 
Therefore, here the authors treat the volume of the system as the sum of both hydrides. See 
Eq. 21 and Eq. 22 for the gravimetric and volumetric energy density of the paired metal 
hydrides system. For the calculation of volumetric energy density, the volume expressed 
in the form of mass and density is shown in Eq. 23. 
See Table 20 for details in the calculation. Note that for metal hydrides, the density, 
formation enthalpy, and H capacity was obtained from literature [12, 124]; for other 
thermal storage materials, such as phase change materials and latent heat storage materials, 
the gravimetric energy density was directly taken from the literature [125, 126] and the 







































          Eq. 15 
22 HMHH
VVVV          Eq. 16 
mHH VnV 22           Eq. 17 
2，21,1 22 HH



































































        Eq. 23 





Table 20 Energy density calculation. 
Metal 
Hydrides 





wt.% kJ/mol H2 g/cm
3 MJ/kg kWh/kg MJ/m3 kWh/m3 
Metal Hyrides 
TiNi 1.4 59 6.6 0.413 0.115 2.634 0.732 
Mg2Ni 3.2 61 2.981 0.976 0.271 2.723 0.756 
Mg2Co 4.2 108 2.981 2.268 0.630 4.821 1.339 
Mg2Ni.75Fe.25 3.3 65.2 2.981 1.076 0.299 2.911 0.809 
MgH2 7.7 75.2 1.45 2.895 0.804 3.357 0.933 
TiH2 4 131 3.75 2.620 0.728 5.848 1.625 
LaNi5 1.5 30.8 8.3 0.231 0.064 1.375 0.382 
LaNi2Cu3 0.9 32 8.3 0.144 0.040 1.429 0.397 
CaNi5 0.3 62 6.6 0.093 0.026 2.768 0.769 
MmNi5 1.4 23.5 8.6 0.165 0.046 1.049 0.291 
TiMn1.5 1.9 28.7 6.4 0.273 0.076 1.281 0.356 
TiCr1.8 2.43 20.2 6 0.245 0.068 0.902 0.250 
ZrFe1.5Cr.5 1.4 24.3 7.6 0.170 0.047 1.085 0.301 
ZrMn2 1.7 37.4 7.4 0.318 0.088 1.670 0.464 
TiFe 1.9 28.1 6.5 0.267 0.074 1.254 0.348 
LiH2 25.1 22.78 0.78 2.859 0.794 1.017 0.282 
NaBH4 10.7 90 1.074 4.815 1.338 4.018 1.116 





Table 20 Continued. 
Metal 
Hydrides 





wt.% kJ/mol H2 g/cm
3 MJ/kg kWh/kg MJ/m3 kWh/m3 
Metal Hyrides 
NaAlH4 7.5 37.6 1.24 1.410 0.392 1.679 0.466 
LiAlH4 10.6 18.9 0.917 1.002 0.278 0.844 0.234 
Li3Be2H5 8.1 40 0.71 1.620 0.450 1.786 0.496 
Paired Metal Hydrides 
MgH2+TiMn1.5 
See above 
0.354 0.098 1353.3 375.9 
TiH2+TiMn1.5 0.659 0.183 3435.1 954.2 
TiH2+TiCr1.8 0.837 0.233 4096.0 1137.8 
MgH2+LaNi5 0.279 0.077 1306.8 363.0 
Mg2Ni+LaNi5 0.154 0.043 815.5 226.5 
TiH2+LaNi5 0.547 0.152 3408.4 946.8 
MgH2+TiCr1.8 0.508 0.141 1738.8 483.0 






Table 20 Continued. 





 wt.% kJ/mol H2 g/cm
3 MJ/kg kWh/kg MJ/m3 kWh/m3 
Phase Change Material 
NaNO3 2.257 N/A N/A 0.199 0.055 450.0 125.0 
KNO3 2.11 N/A N/A 0.266 0.074 561.6 156.0 




2.6 N/A N/A 0.415 0.115 1080.0 300.0 
Na2CO3 2.533 N/A N/A 0.276 0.077 698.4 194.0 
Solid Latent Heat Storage Materials 
Sand-rock-
mineral-oil 
1.7 N/A N/A 0.127 0.035 216.0 60.0 
Reinforced 
concrete 
2.2 N/A N/A 0.164 0.045 360.0 100.0 
Cast Iron 7.2 N/A N/A 0.080 0.022 576.0 160.0 
Silica fire bricks 1.82 N/A N/A 0.297 0.082 540.0 150.0 
Magnesia fire 
bricks 










Table 20 Continued. 
Metal 
Hydrides 





 wt.% kJ/mol H2 g/cm
3 MJ/kg kWh/kg MJ/m3 kWh/m3 
Liquid Latent Heat Storage Materials 
Mineral oil 0.77 N/A N/A 0.257 0.071 198.0 55.0 
Synthetic oil 0.9 N/A N/A 0.228 0.063 205.2 57.0 
Silicone oil 0.9 N/A N/A 0.208 0.058 187.2 52.0 
Nitrate salts 1.87 N/A N/A 0.481 0.134 900.0 250.0 
Carbonate 
Salts 
2.1 N/A N/A 0.737 0.205 1548.0 430.0 










ESTIMATION OF PEAK TEMPERATURE RISE 
 
The following calculation is based on the temperature change and hydrogen uptake 
observed in the nonisothermal hydrogenation test of MgH2-0.1TiH2, i.e., the test without 
expandable graphite. 










        Eq. 25 
where 
2MgH
m stands for the mass of MgH2 loaded in the sample vial, 
2H
X  for the weight 
percent of hydrogen, 
2H
M  for the mole mass of hydrogen, H for the reaction enthalpy. 
Assuming the sample is well insulated, and all the heat will thus be used to heat the 
sample, 
TmCQ p          Eq. 26 
where m stands for sample mass, Cp for heat capacity, ΔT for temperature change. 
Before hydrogenation, the sample was in the form of Mg, then gradually transformed 
from Mg to MgH2. Due to the short reaction time (9.3 s), the mass and heat capacity were 
treated as constant and equal to those of the initial status (m0 and 
0p








          Eq. 27 

















       Eq. 28 
where, 






















      Eq. 31 
Therefore, T  could be calculated based on different amounts of graphite. Detailed 





Table 21 Variables and values used in the calculations. 
Variables Value Unit 
2H
X  1.91 % 
H  74.5 kJ/mol H2 
2H
MgM  26.320 g/mol 
MgM  24.305 g/mol 
2H
M  2.0158 g/mol 
MgP
C  1022.83 J/kg.K 
GraphiteP










GRAIN SIZE CALCULATION 
 
Grain size was calculated based on the Williamson-Hall equation, Eq. 8. See Table 22 
for the detailed results of X-ray pattern fitting. The full width half maximum of the peak 







Table 22. Grain size calculation chart. 
Sample 
No. 











1 Pure MgH2 0.5h 
2.002 6.70 1.75 1.17 
9.86 3.04 2.550 7.90 2.22 1.38 
3.804 8.00 3.32 1.39 
2 Pure MgH2 2h 
2.000 6.70 1.74 1.17 
9.63 2.91 2.553 8.10 2.23 1.41 
3.807 8.00 3.32 1.39 
3 Pure MgH2 4h 
2.003 6.60 1.75 1.15 
8.78 1.57 2.550 8.20 2.22 1.43 
3.805 7.50 3.32 1.31 
4 Pure MgH2 6h 
1.998 8.20 1.74 1.43 
7.98 2.48 2.550 8.50 2.22 1.48 
3.795 9.10 3.31 1.59 
5 MgH2-TiH2 0.5h 
1.999 6.40 1.74 1.12 
9.67 1.28 2.551 6.70 2.22 1.17 
3.805 6.90 3.32 1.20 
6 MgH2-TiH2 2h 
2.001 7.20 1.75 1.26 
8.37 0.82 2.554 7.30 2.23 1.27 
3.808 7.50 3.32 1.31 
7 MgH2-TiH2 4h 
2.001 7.50 1.75 1.31 
8.16 1.28 2.555 7.80 2.23 1.36 
3.807 8.00 3.32 1.39 
8 MgH2-TiH2 6h 
2.002 8.00 1.75 1.40 
7.62 1.28 2.558 8.30 2.23 1.45 
3.808 8.50 3.32 1.48 
9 
MgH2-TiH2 6h 
(10 g milling 
load) 
1.997 7.40 1.74 1.29 
10.95 4.63 2.549 7.20 2.22 1.26 
3.793 8.90 3.31 1.55 
10 
MgH2-TiH2 6h 
(15 g milling 
load) 
2.003 6.80 1.75 1.19 
12.51 3.83 2.546 5.60 2.22 0.98 
3.802 7.80 3.32 1.36 
11 MgH2-TiMn2 2h 
2.003 7.10 1.75 1.24 
9.14 2.48 2.555 8.20 2.23 1.43 
3.810 8.30 3.32 1.45 
12 MgH2-TiMn2 4h 
2.006 8.10 1.75 1.41 
8.37 2.48 2.556 8.60 2.23 1.50 
3.812 9.30 3.32 1.62 
13 MgH2-TiMn2 6h 
2.004 8.40 1.75 1.47 
7.91 2.48 2.559 8.70 2.23 1.52 






Table 22. Continued. 
Sample 
No. 











14 MgH2-VTiCr 2h 
2.004 7.40 1.75 1.29 
8.37 2.48 2.557 8.00 2.23 1.40 
3.810 8.10 3.32 1.41 
15 MgH2-VTiCr 4h 
2.001 8.60 1.75 1.50 
8.01 2.88 2.551 8.30 2.22 1.45 
3.804 9.50 3.32 1.66 
16 MgH2-VTiCr 6h 
2.006 8.10 1.75 1.41 
8.04 2.48 2.556 8.10 2.23 1.41 








HYDROGENATION KINETIC MODELING 
 
Johnson-Mehl-Avrami (JMA) has been found to be the best model to describe the 
hydrogenation kinetics of all the samples. In this section, the data fits by the JMA model 
for each sample are presented; see Figure 34-36. In addition, sample #3, pure MgH2 milled 
for 4 h, was taken as an example to showcase the hydrogenation kinetic data modeling with 











(c) (d)  
Figure 34. JMA model fitting of pure MgH2 milled for a) 0.5 h, sample #1; b) 2 h, sample 










(c) (d)  
Figure 35. JMA model fitting of MgH2-TiH2 milled for a) 0.5 h, sample #5; b) 2 h, 










(c) (d)  
Figure 36. JMA model fitting of MgH2-TiH2 milled with a) 10 g milling load, sample #9 
and b) 15 g milling load, sample #10, as well as c) MgH2-TiMn2 milled for 4 h, sample 







(d) (f)  
Figure 37. The kinetic modeling of pure MgH2 milled for 4 h (sample #3) by a) P1 
power; b) E1 Exponential; c) B1 Prout-Tompkins; d) 1-D Diffusion; e) 2-D Diffusion; f) 
3-D Diffusion; g) 2-D Contracting; h) 3-D Contracting; i) F1 First Order; j) F2 Second 
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